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INTRODUCTION 


Hydrocarbon  combustion  is  the  conversion  of  fuel  and  oxidant  into  water  and 
carbon  dioxide  that  produces  heat  This  simple  definition  masks  the  complex  chemical 
reaction  mechanism  that  underlies  the  macroscopic  process.  An  extremely  successful  way 
to  characterize  this  chemical  mechanism  is  to  apply  species  specific  diagnostic  methods 
directly  to  the  combustion  system  of  interest.  In  the  past,  most  optical  diagnostic  methods 
have  focused  on  the  diatomic  molecules,  with  OH  being  the  most  studied;  however,  much 
of  the  important  chemistry  involves  transient  species  other  than  OH,  some  of  which  contain 
more  than  two  atoms.  In  this  work,  we  developed  and  improved  diagnostic  techniques  to 
study  several  mechanistically  important  diatomic  and  polyatomic  reactive  species  in 
hydrocarbon  flames.  The  species  selected  during  the  early  phases  of  this  project  (Contract 
No.  F33605-85-C-2543)  were  chosen  for  their  importance  in  the  combustion  chemistry 
and  the  feasibility  of  detecting  them  in  the  combustion  environment  We  investigated  the 
species  CH,  CH3t  CH2,  and  C2H2  and  attempted  to  detect  HO2. 

DETAILED  COMBUSTION  CHEMISTRY 

Detailed  chemical  kinetic  processes  play  an  important  role  in  many  aspects  of  the 
hydrocarbon/air  combustion  in  gas  turbine  engines.  Among  these  processes  are  the 
formation  of  pollutants  such  as  soot  (with  its  associated  radiative  heat  transfer  problems) 
and  NOx,  ignition  (both  cold  starts  and  high-altitude  relight),  lean  burnout,  and  the 
formation  of  exhaust  plume  emissions  in  the  ultraviolet  and  visible  light  regions. 

Although  such  processes  are  complex,  involving  dozens  of  molecular  species  and 
perhaps  hundreds  of  reactions,  they  can  be  investigated  by  means  of  computer  models  if 
one  has  some  insight  into  the  relevant,  important  species  and  reactions  (i.e.,  the  crucial 
chemical  pathways)  that  govern  the  processes  in  question.  Such  computer  models  have 
been  constructed,  but  their  accuracy  is  largely  gauged  by  how  well  their  results  match 
experimental  data  on  such  bulk  properties  as  flame  speed,  combustion  efficiency, 
temperature,  and  formation  of  major  stable  products. 

The  key  to  a  correct  description  of  the  chemical  pathways  for  kinetically  controlled 
processes  lies  in  an  in  situ ,  direct  identification  of  the  transient  intermediate  species  that  are 
formed  and  consumed  as  a  result  of  those  reactions.  Development  of  quantitative  and 
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semiquantitative  methods  for  the  measurement  and  detection  of  such  species  is  of  primary 
importance.  These  methods  can  then  be  used  for  several  purposes:  determination  of  the 
needed  reaction  rate  constants  in  controlled  laboratory  experiments;  measurements  on 
stable,  laminar  laboratory  flames  that  provide  a  direct  comparison  with  the  computer  model; 
and  detection  of  important  species  in  real-system  flames.  Detection  of  species  in  real- 
system  flames  will  yield  insight  into  the  actual  chemical  mechanism  operating  in  these 
systems  and  provide  a  crucial  link  to  the  laboratory  experiments. 

SELECTION  OF  DIAGNOSTIC  METHODS 

Many  diagnostic  techniques  have  been  applied  to  the  detection  of  transient  species 
in  the  combustion  environment  These  include  mass  spectroscopic  sampling,  laser-induced 
fluorescence  (LIF),  scattering  methods  (Raman  processes),  direct  absorption,  and 
ionization  methods.1  The  criteria  we  choose  to  apply  are  that  the  diagnostic  techniques  be 
strictly  nonintrusive  (i.e.,  no  probe  inserted  into  the  flame)  and  sensitive  enough  to  detect 
transient  species  in  low  concentrations.  In  the  early  stages  of  the  project,  we  decided  to 
emphasize  LIF,  mainly  because  of  its  inherent  high  sensitivity,  and  direct  absorption 
techniques  including  photoacoustic  (PAD)  and  photodeflection  detection,  because  of  their 
applicability  to  a  wide  range  of  transient  species.  These  two  methods  are  complementary  in 
that  LEF  is  not  applicable  to  all  species  but  is  sensitive  and  selective,  while  absorption  is 
less  sensitive  but  applicable  to  many  of  the  species  that  cannot  be  studied  by  LIF. 

SELECTION  OF  SPECIES 

Several  criteria  must  be  considered  in  choosing  what  hydrocarbon  species  to 
examine  in  detail:  the  species'  ease  of  detection,  concentration  in  the  flame,  and  chemical 
significance.  The  selection  process  often  involves  trade-offs,  ilie  hydroxyl  radical  is  one 
of  the  few  that  meets  all  the  criteria.  The  choice  of  species  was  an  important  part  of  our 
research.  The  species  selected  as  both  chemically  important  and  feasible  for  detection 
include  CH,  CH3,  C2H2,  CH2,  and  HO2.  C3,  C2H,  and  HCO  are  less  important  or  more 
difficult  to  detect.  Almost  all  of  these  radical  intermediates  offer  some  potential  for  a  laser- 
based  method  of  detection;  our  successes  and  failures  with  these  species  and  the  specific 
reasons  for  selection  of  these  species  are  discussed  in  the  section  entitled  The  Species. 
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THE  TECHNIQUES 


Several  of  the  techniques  briefly  outlined  below  were  considered  for  application  to 
radical  detection,  and  two  were  chosen  for  further  study.  This  section  describes  why  LIF 
and  absorption  were  selected  as  complementary  techniques  for  measuring  the  concentration 
of  a  wide  variety  of  chemically  important  radicals. 

LASER-INDUCED  FLUORESCENCE  (LIF) 

LIF  is  an  extremely  sensitive  method  that  can  be  applied  to  a  wide  variety  of 
transient  species  in  the  flame.2  Briefly,  laser  light  excites  the  species  to  an  electronic  state 
that  fluoresces.  The  basic  procedure  has  many  variations;  where  applicable,  these  are 
discussed  below  with  the  experiments  on  individual  radicals. 

Diatomic  radicals  such  as  OH,  CH,  CN,  and  NH  with  easily  accessible  electronic 
states  can  be  observed  in  extremely  low  concentrations  (i.e.,  <1  ppb  for  OH  in  a  flame).  In 
addition  to  the  diatomic  radicals,  several  chemically  important  polyatomic  radicals  had  been 
observed  before  this  project;  for  example,  our  laboratory  had  examined  both  NCO  and 
NH2  by  LIF.3  LIF  is  much  more  sensitive  than  other  techniques  and  twice  as  molecule 
selective  as  most  Selectivity  is  obtained  by  varying  both  the  excitation  wavelength  and  the 
detection  wavelength.3  LIF  is  often  the  benchmark  used  for  comparing  other  techniques, 
and  LIF  must  be  considered  as  one  of  the  detection  options  in  any  detailed  investigation  of 
flame  species. 

For  OH  and  most  other  diatomic  radicals,  the  dual  selectivity  of  LIF  is  merely 
convenient  and  increases  the  absolute  detection  sensitivity;  however,  for  many  polyatomic 
species  it  is  an  important  advantage  of  the  technique  because  in  many  instances  there  are 
strong  overlapping  transitions  with  other  species  or  other  vibrational  "hot"  bands  of  the 
same  molecule  in  the  excitation  region  of  interest.  For  example,  in  our  laboratory 
demonstration  of  NCO  detection  using  the  B  electronic  state  in  a  CH4/N2O  atmospheric 
pressure  flame,4  overlapping  transitions  from  OH,  NH,  and  CN  all  occurred  in  the  same 
excitation  wavelength  region  when  we  tried  to  observe  the  NCO.  The  only  way  we  could 
selectively  detect  the  molecules  was  by  using  the  selectivity  of  the  fluorescence  wavelength 
to  isolate  one  absorption  from  another,  we  were  thus  able  to  obtain  interference-free 
excitation  scans  of  OH,  NH,  CN,  and  NCO. 
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Other  advantages  of  LIF  are  that  its  pointwise  measurement  provides  better  spatial 
resolution  than  most  absorption  methods  and  that  it  has  the  sensitivity  necessary  for  single¬ 
shot  measurements  in  turbulent  systems.  Single-shot  LIF  imaging  is  an  important 
technique  first  developed  in  this  laboratory.5  All  these  properties  make  LIF  a  very  good 
candidate  for  examining  a  number  of  species  with  optically  accessible  electronic  states  that 
fluoresce  (for  example,  CH). 

Although  LIF  is  an  extremely  valuable  tool,  like  all  other  analytical  techniques  it 
presents  several  experimental  problems  when  one  is  trying  to  make  the  measurements 
quantitative.  Making  accurate  quantitative  measurements  requires  information  on  the 
quenching  and  lifetimes  of  the  excited  electronic  state  in  the  flame  environment^;  that  is,  the 
composition  of  the  majority  species  must  be  well  known  and  the  quenching  rates  must  be 
known  or  estimated  at  the  temperature  of  interest  Such  quenching  rates  and  radiative 
lifetimes  can  be  measured  by  experimental  methods  available  in  our  laboratory.  Recently, 
we  have  conducted  extensive  experiments  to  determine  these  properties  for  many  flame 
radicals,  such  as  OH,7  NH,8  and  CH3O.9 

DIRECT  ABSORPTION  METHODS 

Laser  absorption  detection  techniques  comprise  several  very  different  methods. 

The  differences  arise  from  the  different  ways  the  absorption  is  detected.  In  conventional 
absorption  experiments,  the  decrease  in  the  intensity  of  the  light  is  monitored  as  the  light 
passes  through  the  absorbing  flame.  The  major  disadvantages  of  this  technique  are  that  the 
signal  is  usually  small  on  a  large  background  and  thus  sensitivity  is  limited,  and  that  it  is  a 
line-of-sight  measurement,  so  the  spatial  resolution  is  limited.  The  major  advantage  is  that 
if  the  spectroscopic  positions  and  oscillator  strengths  of  the  molecular  transitions  are 
known,  absolute  quantitative  calibration  is  usually  straightforward.  Although  conventional 
laser  absorption  is  not  sensitive  enough  for  most  molecules  in  this  study,  under  some 
advantageous  conditions  it  can  be  applied  to  transient  species. 

Two  other  absorption  detection  methods,  photoacoustic  (PAD)10  and  photo¬ 
deflection11  spectroscopy,  have  recently  been  applied  as  combustion  diagnostic  techniques. 
Two  spatially  separated  beams,  the  excitation  beam  and  the  probe  beam,  are  used  in 
photodeflection  spectroscopy.  When  the  excitation  beam  is  resonant  with  an  absorption  in 
the  system,  a  pressure  wave  is  produced  that  deflects  the  probe  beam.  This  deflection  is  in 
turn  measured.  In  PAD  spectroscopy  only  one  laser  is  used,  and  when  it  is  resonant  with 
an  absorption  in  the  system,  energy  is  put  into  the  flame.  The  added  energy  produces  a 
pressure  burst  that  is  detected  on  a  microphone  outside  the  flame. 


Neither  of  these  techniques  has  yet  demonstrated  a  sensitivity  equal  to  that  of  LIF, 
but  they  have  been  and  will  continue  to  be  extremely  useful  for  studying  molecules  that 
have  a  low  fluorescence  yield.  The  lack  of  spatial  selectivity  and  molecule  emission 
selectivity  are  two  disadvantages  of  these  absorption  techniques.  In  regions  of  highly 
overlapping  absorption  bands  from  several  species  or  from  "hot"  bands  of  the  same 
molecule,  it  may  be  difficult  to  obtain  the  molecule  selectivity  needed  to  obtain  a  profile  of 
the  species  of  interest.  A  narrow  laser  bandwidth  and  extremely  detailed  spectroscopic 
information  on  all  the  molecules  that  absorb  in  the  region  of  interest  are  necessary  to 
associate  different  features  with  different  molecules.  These  difficulties  are  more  limiting  in 
the  detection  of  triatomic  or  larger  molecules. 

OTHER  METHODS 

Several  other  experimental  methods  were  considered  during  the  early  phases  of  this 
project.  These  include  resonance-enhanced  multiphoton  ionization  (REMPI);  Raman 
processes,  including  coherent  anti-Stokes  Raman  spectroscopy  (CARS)  and  resonant 
Raman  techniques;  and  mass  spectometric  sampling  (MS).  Neither  MS  nor  REMPI  were 
applied  because  they  require  the  insertion  of  a  sampling  probe  into  or  near  the  combustion 
environment.  If  the  probe  perturbs  the  flame  there  is  always  a  possibility  that  the 
concentration  measurements  are  biased,  and  the  environment  is  often  so  hostile  that  the 
probe  could  not  withstand  the  extreme  temperatures  and  conditions. 

Raman  techniques  are  not  usually  sensitive  enough  to  detect  trace  species.  They 
have  been  applied  extensively  and  with  great  success  to  the  major  species;  however,  many 
of  the  chemically  important  trace  species  occur  at  much  lower  concentrations. 
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THE  SPECIES 


SELECTION  OF  THE  SPECIES 

Selection  of  the  species  to  be  studied  was  based  on  two  critera:  (1)  the  species' 
importance  in  the  chemistry  of  hydrocarbon  combustion  and  (2)  the  feasibility  of  detecting 
that  species  by  the  remote  diagnostics  described  above.  We  determined  the  importance  of 
various  species  by  modelling  the  chemical  mechanism  of  hydrocarbon  combustion  with  a 
constant  temperature  kinetic  model  that  included  the  important  species.  We  determined  the 
feasibility  of  detection  by  examining  the  available  literature  on  spectroscopy  of  the 
molecules  of  interest 

We  used  an  isothermal  model  of  hydrocarbon/air  combustion  to  evaluate  the 
important  intermediates  and  to  determine  which  detection  methods  could  be  used  in  the 
combustion  environment.  The  model,  which  consists  of  about  150  reactions  and  30 
species,  incorporates  a  temperature  jump  to  start  the  reaction.  The  time  evolution  of  all  the 
species  can  be  monitored  as  the  reaction  proceeds.  This  time  corresponds  roughly  to 
distance  above  the  burner  in  a  low-pressure  flame.  This  model,  while  not  quantitively 
correct,  simulates  the  qualitative  features  of  the  reaction  system.  Figure  1  shows  the  time 
dependence  of  several  potentially  important  species  in  the  combustion.  Figure  1(a)  gives 
the  predicted  time  evolution  of  the  single-carbon  species  CH4,  CH3,  CH2,  CH,  C,  and  CO 
at  2200  K  and  40  Torr  as  well  as  stoichiometric  initial  conditions  for  the  methane  and 
oxygen  mixture.  This  figure  clearly  shows  that  the  CHX  radicals  have  very  different 
profiles  before  they  encounter  the  flame  front  and  that  the  CH  profile  is  significantly 
different  from  those  of  CH2  and  CH3.  Unfortunately,  this  difference  implies  that  the 
CHconcentration  cannot  be  used  as  a  marker  for  CH2  and  CH3;  therefore,  measurement  of 
CH3  and  CH2  concentrations  takes  on  added  significance.  The  methyl  radical  (CH3)  is  one 
of  the  first  species  formed  and  is  present  in  relatively  high  concentrations.  Figure  1(b) 
shows  several  other  species  (HO2,  C2H2,  HCO,  C2H,  and  C3)  under  the  same  initial 
conditions.  The  HO2  radical  exhibits  one  of  the  more  interesting  profiles;  it  builds  up 
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LOG  RELATIVE  CONCENTRATION 


rapidly  after  the  temperature  jump  and  remains  constant  for  a  long  time.  Acetylene  (C2H2) 
starts  out  at  low  concentrations,  builds  up  slowly,  and  eventually  reaches  a  relatively  large 
concentration  before  it  is  abruptly  consumed  in  the  later  stages  of  combustion. 

From  the  model  shown  in  Figure  1  and  other  models  for  other  fuels  and  other 
temperatures,  we  selected  the  following  five  species  for  further  study:  CH,  C2H2,  CH3, 
HC>2»  and  CH2.  We  have  attempted  experiments  on  all  five  of  these  species  and  have 
successfully  observed  four  in  combustion  systems.  The  reasons  for  selection  of  these 
species  are  detailed  below  in  the  sections  describing  the  experiments  performed  on  them. 
We  considered  detection  of  the  species  HCO,  C2H,  and  C3  less  feasible,  less  desirable,  or 
both.  As  Figure  1(b)  shows,  the  C3  radical  is  present  in  extremely  low  concentrations  and 
does  not  seem  very  important  in  the  chemistry.  On  the  other  hand,  the  HCO  radical  is 
important  in  the  production  of  ions  in  the  flame,  but  the  difficulty  of  using  fluorescence 
methods  to  measure  its  concentration  made  its  detection  less  feasible.  The  same  problem 
exists  for  the  C2H  radical.  The  literature  contains  insufficient  spectroscopic  data  for 
evaluating  whether  detection  of  either  HCO  or  C2H  is  indeed  possible.  We  believe 
detection  of  the  two  important  radicals  HCO  and  C2H  by  LIF  or  absorption  methods  is 
several  years  in  the  future  and  will  require  futher  basic  studies.  Investigations  of  some  of 
these  species  by  REMPI  detection  in  flames  are  under  way  in  other  laboratories.12-13 

CH 

Studies  on  the  CH  radical  formed  a  large  part  of  the  experimental  work  on  this 
project,  and  all  work  on  this  radical  is  complete  and  published.  This  project  has  increased 
our  knowledge  of  the  collison  dynamics  of  this  species  under  combustion  conditions  to  the 
extent  that  we  can  now  make  reasonable  estimates  for  the  fluorescence  quantum  yield  under 
a  variety  of  experimental  conditions. 

Although  present  in  small  concentrations,  the  CH  radical  can  be  observed  in  all 
hydrocarbon  combustion.  Its  precise  role  in  the  combustion  chemistry  remains  uncertain, 
largely  because  we  do  not  yet  know  its  reaction  rate  constants  at  high  temperatures. 
Although  the  importance  of  the  CH  radical  in  the  chemistry  of  combustion  has  not  been 
verified,  CH  emission  and  LIF  are  often  used  to  identify  regions  where  combustion  is 
occurring.  CH  concentration  profiles  are  measured  by  absorption,  saturated  LIF,  and 
REMPI  techniques.  Two-dimensional  LIF  imaging  of  CH  has  also  been  performed  and 
undoubtedly  will  be  applied  to  practical  combustion  systems  in  the  future.  The  CH  radical 
is  a  significant  precursor  in  the  emission  from  flames  and  therefore  plays  an  important  role 
in  the  plume  emissions  from  rockets  with  carbon-containing  fuels. 
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Room-Temperature  Flow  Cell  Experiments 

The  CH  experiments  began  with  a  brief  study  of  CH  collision  dynamics  in  a  room- 
temperature  flow  cell.  We  attempted  to  measure  the  collisional  quenching  rate  constant  for 
removal  of  the  radical  from  the  excited  electronic  state. 

In  a  standard  LIF  experiment,  a  molecule  is  excited  from  the  ground  electronic  state 
to  the  vibrational  and  rotational  level  of  a  higher  lying  electronic  state.  This  excited 
molecule  can  either  (1)  radiate  light,  (2)  undergo  a  collision  and  be  removed  without 
radiation  in  a  process  called  quenching,  or  (3)  undergo  an  energy  transfer  collision  within 
the  excited  electronic  state  to  another  vibrational  or  rotational  level.  The  competition 
between  radiation  and  the  collisional  quenching  processes  determines  the  fluorescence 
quantum  yield.  If  small  effects  due  to  the  vibrational  and  rotational  structure  are  neglected, 
the  time  dependence  of  the  population  in  the  excited  electronic  state  N(t)  is  given  by 

N(t)  =  N0exp{-[ZkQ  nj  +  A]t}  (1) 

where  N0  is  the  population  in  the  excited  electronic  state  after  the  laser  pulse,  kQ(i)  is  the 
collisional  quenching  rate  constant  for  species  i,  nj  is  the  concentration  of  species  i,  A  is  the 
Einstein  spontaneous  emission  coefficient  for  the  excited  electronic  state,  and  t  is  time.  The 
LIF  signal  is  proportional  to  N(t),  so  that  a  single  exponential  fit  to  the  decay  of  the  signal 
yields  a  decay  constant  t'1  as  given  by 


r1  =  ZkQ  nj  +  A  (2) 

If  the  concentration  of  only  one  species  is  changed,  a  plot  of  the  concentration  of  that 
species  yields  the  quenching  rate  constant  kQ  and  the  intercept  of  A  plus  the  contributions 
from  the  other  species.  Often  these  contributions  are  small  and  the  y-intercept  corresponds 
only  to  A,  which  is  the  inverse  of  the  radiative  lifetime,  Tr .  Under  combustion  conditions, 
a  critical  parameter  is  the  fluorescence  quantum  yield,  0,  given  by 


<J>  =  At  (3) 

<(>  is  equal  to  1  if  the  collisional  quenching  is  negligible  and  approaches  0  as  the  collisional 
quenching  begins  to  dominate. 

In  the  room-temperature  CH  apparatus,  the  ground  state  radicals  were  generated 
from  the  sequential  extraction  of  H  atoms  from  CH4  by  microwave  discharge  generated 
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fluorine  atoms.  This  is  not  a  one-step  process  and  must  proceed  through  the  reaction 
intermediates  CH3  and  CH2.  This  reaction  took  place  in  a  flowing  system  with  a  typical 
total  flow  rate  between  0.5  and  10  L/min.  The  total  pressure  in  the  system  ranged  from 
2  to  10  Torr,  with  the  majority  of  the  gases  being  either  He  or  Ar.  Both  of  these  rare  gas 
species  are  inefficient  at  quenching  A-state  CH.  With  no  other  added  gas,  this  source 
generated  copious  amounts  of  ground  state  CH.  Light  with  a  wavelength  of  about  440  nm 
from  an  excimer-pumped  dye  laser  excited  the  CH  molecules  from  the  ground  state  to  the 
A2  A  excited  electronic  state.  The  fluorescence  was  monitored  at  right  angles  by  an 
unfiltered  phototube.  We  recorded  the  time  dependence  of  the  LIF  with  a  100-megasample 
transient  digitizer.  We  added  the  various  quencher  species  to  the  discharge  flow  of  CH 
radicals,  taking  care  that  the  added  species  were  well  mixed  with  the  other  discharge  gases 
by  the  time  the  gases  reached  the  observation  region.  Calibrated  mass  flow  meters  were 
used  to  measure  the  flow  of  the  individual  components  so  that  we  could  obtain  the  partial 
pressures  of  each  species. 

Unfortunately,  the  CH  LIF  signal  decreased  significantly  when  we  added  only  a 
small  amount  of  quencher.  With  the  quenchers  H2  and  CO2.  we  could  not  observe  any 
change  in  the  fluorescence  lifetime  before  the  CH  signal  disappeared  completely.  We 
believe  the  rapid  disappearance  of  the  CH  LIF  signal  was  due  to  rapid  reaction  of  the 
ground  state  CH  radicals  with  the  quenchers  or  with  one  of  the  CH  precursors  during  the 
long  time  required  for  thorough  mixing  of  the  species.  These  chemical  reactions  consume 
the  ground  state  CH  between  the  CH4  injection  site  and  the  observation  region.  With  the 
CO  quencher,  we  observed  changes  in  the  CH  fluorescence  lifetime  with  added  CO 
pressure  and  therefore  attempted  to  shorten  the  distance  between  the  CH  production  portion 
of  the  cell  and  the  observation  region.  This  procedure  successfully  increased  the  range  of 
usable  quencher  pressures  for  CO,  but  the  quenching  rate  constants  and  cross  sections 
obtained  using  different  flow  and  discharge  configurations  gave  inconsistent  results.  The 
cross  sections  we  obtained  varied  between  about  3  and  16  A2  depending  on  the  total  flow 
rate,  method  of  production  of  CH,  and  total  pressure  in  the  system.  We  believe  this 
variation  is  due  to  poor  mixing  of  the  quencher  with  the  bulk  gas,  reactions  producing 
molecules  that  quench  CH  more  rapidly  than  the  quencher  itself,  or  both.  Both  these 
experimental  difficulties  complicate  the  interpretation  of  the  results  of  this  technique. 

The  two  major  findings  of  the  CH  quenching  work  in  room-temperature  flow  cells 
are  that  the  quenching  results  for  the  CO  collider  are  consistent  with  those  of  an  earlier 
study  of  Nokes  and  Donovan,14  and  the  quenching  by  CO2  is  smaller  than  2  A2.  Previous 
results  of  both  room- temperature  and  high-temperature  (1400  K)  quenching  are 
summarized  in  Reference  15. 
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Because  of  the  importance  of  the  flame  measurements,  we  decided  to  proceed  to 
time  dependent  measurements  in  a  low-pressure  flame.  We  feel  that  laser  photodissociation 
is  the  best  technique  for  measuring  these  quantities  for  CH  at  room  temperature.  Here, 
light  from  an  excimer  laser  photodissociates  a  suitable  precursor  and  then,  after  a  variable 
delay,  the  CH  quenching  is  measured  with  LIF.  This  method  permits  experiments  to  be 
performed  with  higher  quencher  pressures  so  that  greater  changes  in  the  fluorescence  decay 
constant  can  be  observed.  The  photodissociation  production  mechanism  has  two  important 
improvements  over  the  setup  described  above.  First,  the  quencher  is  thoroughly  mixed 
with  the  radical  precursor  and  the  bulk  gas,  so  the  mixing  problems  encountered  with  the 
discharge  flow  production  of  CH  are  eliminated.  Second,  with  laser  photodissociation,  the 
CH  radicals  are  probed  microseconds  after  their  production,  whereas  the  radicals  in  the 
discharge  flow  are  probed  milliseconds  after  production,  during  which  time  most  of  the 
ground  state  radicals  are  consumed  by  chemical  reactions.  CH  quenching  in  the  ground 
state  can  be  measured  by  laser  photodissociation;  however,  from  a  diagnostics  perspective, 
the  results  are  less  important  than  initially  anticipated. 

Low-Pressure  Flame  Measurements 

Although  LIF  measurements  obtained  by  exciting  the  A2A  electronic  state  are 
commonplace,  quantitative  concentration  measurements  require  knowledge  of  the 
fluorescence  quantum  yield,  which  depends  on  both  the  radiative  and  collisional  processes 
that  occur  after  electronic  excitation.15  Before  our  studies,  little  was  known  about 
collisional  processes  such  as  quenching  (the  total  removal  from  the  excited  electronic  state, 
which  includes  both  reaction  and  energy  transfer  processes  that  change  the  CH  electronic 
state)  and  rotational  level  specific  processes  at  flame  temperatures.  Also,  very  little  work 
had  been  performed  on  the  B 2Ir  electronic  state  either  at  room  temperature  or  in  flames. 

We  find  that  LIF  measurement  of  the  B2Ir  state  is  an  alternative  detection  method  with 
sensitivity  comparable  to  LIF  measurement  of  the  A  state. 

We  examined  the  collisional  energy  transfer  in  the  A2A  and  B2I"  states  of  CH  by 
directly  measuring  the  time  dependence  of  the  LIF  in  several  low-pressure,  premixed  flat 
flames.  From  direct  observation  of  the  fluorescence  decay,  we  measured  the  fluorescence 
quantum  yields  needed  for  quantitative  CH  measurements  and  estimated  limits  on  the 
collisional  quenching  rate  constants  for  several  key  colliders.  Both  the  concentrations  of 
the  major  species  and  the  temperature  vary  across  the  flame  front  in  the  combustion 
environment;  these  variations  can  alter  the  observed  decay  and  change  the  fluorescence 
quantum  yield.  A  quantitative  understanding  of  the  collisional  quenching  of  CH  by  various 
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species  in  the  flame  permits  extension  of  these  measurements  to  flames  where  the  time 
dependence  cannot  be  observed,  for  example,  as  ir.  high-pressure  turbulent-flow  systems. 

Rotational  level  effects  of  quenching  in  the  flames  were  also  examined.  In  recent 
state-specific,  room-temperature,  flow  cell  studies  of  two  simple  hydrides,  OH(A2Z+)  and 
NH(A3rii),  most  colliders  showed  a  significant  decrease  in  the  electronic  quenching  rate 
with  increasing  rotational  level  in  the  excited  state.16-17  To  examine  this  relationship 
further,  we  evaluated  the  quantum  state  selectivity  of  the  fluorescence  quantum  yield  for 
different  excited  rotational  levels  and  assessed  its  effect  on  LIF  diagnostics  at  high 
temperatures.  We  found  a  small  but  measurable  decrease  in  the  quenching  rate  constants  as 
the  rotational  quantum  number  increased  in  several  flames. 

We  also  examined  the  electronic-to-electronic  energy  transfer  from  the  B-state  of 
CH  to  the  A-state.  This  nearly  isoenergetic  transfer  has  been  observed  in  atmospheric 
pressure  flames.  From  detailed  position  dependence  studies  on  the  signal,  we  found  the 
signal  could  be  used  as  a  sensitive,  versatile  diagnostic  tool,  especially  in  particulate  laden 
systems  that  generate  scattered  laser  light  at  the  excitation  wavelengths. 

The  foregoing  paragraphs  briefly  summarize  the  results  on  CH.  With  the 
information  we  have  gained  on  CH  fluorescence  quantum  yields  in  both  the  A-  and 
B-states,  accurate  estimates  of  the  fluorescence  quantum  yields  are  a  reality.  The  results  of 
this  study  are  described  in  detail  in  publications  resulting  from  this  contract,  which  are 
included  as  appendices  A  through  D  and  F. 

c2h2 

Although  C2H2  (acetylene)  is  a  stable  species,  it  is  an  important  intermediate  in 
hydrocarbon  combustion.  Acetylene  is  considered  a  possible  precursor  in  soot  formation 
and  production  of  higher  hydrocarbons  in  methane  combustion.  It  can  also  serve  as  a 
prototypical  polyatomic  molecule  with  which  we  can  improve  new  methods.  We  have 
detected  C2H2  in  room-temperature  and  heated  flows  by  means  of  both  PAD  in  the  infrared 
portion  of  the  spectrum  and  LIF  in  the  ultraviolet  portion.  In  addition,  the  ultraviolet  LIF 
method  has  proved  successful  in  monitoring  the  decay  of  the  C2H2  concentration  in  low- 
pressure  flames. 

Infrared  PAD  Studies 

During  the  early  pan  of  this  project,  we  examined  pulsed  photoacoustic  detection  of 
C2H2.  Acetylene  was  selected  as  a  good  candidate  for  these  initial  PAD  studies  because  of 
its  absorption  bands  in  the  9600  cm'1  region,  where  H2O  does  not  interfere  at  room 
temperature  or  high  temperatures,  as  described  below  in  the  HO2  section.  C2H2  is  also  a 
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stable  species  that  can  be  studied  at  high  concentrations  without  elaborate  preparations.  We 
examined  the  C2H2  spectra  at  room  temperature  and  elevated  temperatures  and  in  an 
atmospheric  pressure  flame. 

In  the  experimental  investigation  of  C2H2,  we  generated  near-infrared  radiation 
between  8400  and  12,700  cm"1  with  a  Nd:YAG-pumped  dye  laser.  The  fundamental  dye 
output  was  focused  into  a  high-pressure  hydrogen  cell,  and  the  first  or  second  Stokes 
stimulated  Raman  emission  was  collimated  and  separated  from  the  other  orders  with  a 
Pellin-Broca  prism.  The  infrared  beam,  with  a  pulse  of  approximately  0.5  to  5  mJ,  was 
then  directed  through  a  slowly  flowing  source  of  acetylene  (at  -760  Torr)  from  the  end  of  a 
l/8"-I.D.  tube.  A  Bruel  &  Kjaer  type  4138  microphone  was  positioned  5  mm  away  from 
and  orthogonal  to  the  propagating  laser  beam  and  the  flowing  stream  of  C2H2.  The 
microphone  output  was  amplified  and  filtered  through  a  Tektronix  differential  amplifier  and 
sent  into  a  PAR  boxcar  averager.  Examples  of  the  signal  as  a  function  of  excitation 
wavelength  are  shown  in  Figure  2.  The  signal  that  is  strongest  and  least  complicated  by 
possible  overlapping  H2O  bands  is  that  near  9650  cm'1  (shown  in  the  top  panel  of  the 
figure).  Figure  2  shows  that  C2H2  absorbs  throughout  the  infrared  in  characteristic 
vibrational  overtone  bands.  Many  other  molecules  (for  example,  CH4  and  C2H6)  also 
absorb  light  in  this  region  and  produce  photoacoustic  signals,  and  often  these  species  can 
interfere.  Therefore,  one  must  have  a  good  understanding  of  the  spectroscopy  and 
interference  at  room  temperature  and  above. 

To  study  acetylene  at  temperatures  between  room  and  flame  temperatures,  we 
constructed  an  atmospheric  pressure,  resistively  heated,  quartz-jacketed  flow  tube  with  a 
shroud  of  nitrogen  surrounding  the  exit  orifice  for  the  heated  C2H2.  Using  thermocouples 
positioned  precisely  at  the  point  of  C2H2-laser  intersection,  we  achieved  regulated 
temperatures  as  high  as  900  K.  We  then  performed  several  frequency  scans  on  the 
0030°0°  0000°0°  transition  in  C2H2  at  temperatures  ranging  from  300  K  to  900  K.  The 

series  of  spectra  in  Figure  3  shows  the  striking  differences  in  the  rotational  structure  and 
signal  intensity  for  higher  temperatures  and  demonstrates  why  this  particular  acetylene  band 
will  be  difficult  to  detect  in  a  flame,  where  temperatures  are  higher  and  species 
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Figure  2.  C2H2  PAD  signal  in  the  infrared. 
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TABLE  1 


PERCENT  OF  THE  MOLECULES  IN  THE  GROUND  VIBRATIONAL  STATE  AS  A 

FUNCTION  OF  TEMPERATURE 


T  (K) 

CH  (%) 

C2H2(%) 

300 

100 

84 

500 

100 

53 

1000 

98 

13 

1500 

93 

4 

2000 

86 

1 

2500 

79 

<1 

16 


concentrations  lower.  The  temperature  dependence  of  the  C2H2  spectra  is  puzzling.  With 
increasing  temperature,  the  C2H2  signal  decreased  in  magnitude  and  increased  in 
complexity.  The  signal  dropped  by  two  orders  of  magnitude  in  going  from  300  K  (bottom 
panel)  to  900  K  (top  panel).  The  increase  in  spectral  congestion  can  be  attributed  to  the 
population  of  vibrationally  excited  modes  and  the  increased  number  of  rotational  levels 
populated.  Table  1  shows  the  effect  of  temperature  on  the  fractional  population  of  the 
ground  vibrational  state  of  acetylene.  Using  the  results  in  Table  1  and  a  simple  calculation 
based  on  the  rotational  partition  function,  we  estimate  that  the  C2H2  signal  decreases  by 
about  an  order  of  magnitude  on  a  representative  rotational  line  as  a  result  of  this  effect.  The 
additional  order-of-magnitude  decrease  must  be  due  to  either  decomposition  of  the  C2H2  in 
the  heating  region  (which  is  significantly  hotter  than  the  exit  temperature  of  900  K)  or  seme 
as  yet  uncharacterized  process. 

We  made  several  attempts  to  detect  acetylene  in  atmospheric  pressure  flames  by 
PAD  near  9600  cm"1.  Initially,  an  acetylene/oxygen  flame  burning  on  a  glass  blower  torch 
was  probed  for  C2H2.  In  the  midst  of  significant  acoustical  background  noise  from  the 
nozzle,  we  discovered  a  broad,  apparently  nonresonant  photoacoustic  signal  that  mimicked 
the  dye  laser  energy  in  signal  intensity,  but  there  was  no  evidence  of  the  strong  acetylene 
band.  This  background  signal  persisted  throughout  and  above  the  reaction  zone  but  fell  off 
in  intensity  well  into  the  section  containing  burnt  gases.  The  lack  of  identifiable  structure  in 
this  type  of  flame  compelled  us  to  try  a  slot  burner,  which  would  allow  a  longer  irradiated 
path,  create  almost  negligible  amounts  of  "nozzle"  noise,  and  give  somewhat  more  distinct 
flame  zones  than  the  conical  plume  produced  by  the  acetylene  torch.  The  flame  zones  from 
the  slot  burner  could  be  clearly  intersected  by  a  focused  laser  beam. 

The  search  for  C2H2  recommenced  in  a  methane/oxygen/nitrogen  flame,  but  when 
no  discernible  peaks  emerged  above  the  noise,  we  seeded  the  flame  with  small  amounts  of 
acetylene.  In  the  spectral  scan  of  the  C2H2-doped  flame,  we  observed  some  low-level  but 
distinct  structures  that  somewhat  resembled  the  C2H2  data  at  ambient  temperature  and 
pressure;  however,  these  structures  only  appeared  low  in  the  rather  thin  reaction  zone,  and 
we  feel  they  could  be  attributed  to  overlap  of  the  laser  beam  with  heated,  unbumt  acetylene 
in  the  premixed  gases  just  below  the  reaction  zone.  The  lack  of  adequate  flame  zone 
resolution  in  atmospheric  flames  and  our  failure  to  conclusively  detect  any  notable  acetylene 
features  in  various  flames  and  flame  regions  indicated  that,  at  least  in  high-pressure  flame, 
PAD  was  probably  not  the  method  of  choice  for  C2H2  detection.  C2H2  was  detected 
unambiguously  only  in  the  low-pressure  burner  system. 
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Ultraviolet  LIF  Studies  at  Room  Temperature 

Currently,  the  ultraviolet  LIF  method  described  below  appears  the  most  promising 
for  sensitive  and  selective  detection  of  C2H2.  Before  discussing  the  method  itself,  we  will 
summarize  the  pertinent  spectroscopic  parameters.  Acetylene  absorbs  light  of  specific 
wavelengths  between  247  and  205  nm.  These  absorptions  correspond  to  vibrational  bands 
in  the  A  -  X  electronic  transition.18*19  Although  these  bands  are  spectroscopically 
complex,  they  can  be  rotationally  assigned;  they  exhibit  a  characteristic  "fingerprint"  for 
C2H2.  Acetylene  is  linear  in  the  ground  electronic  state  and  bent  in  the  A-state.  This 
geometry  change  causes  long  progressions  in  the  vibrational  bands,  and  the  fluorescence  is 
observed  at  wavelengths  to  the  red  of  the  excitation  laser  light. 

We  performed  several  experiments  in  a  room-temperature  flow  cell  or  in  the  low- 
pressure  burner  without  the  flame  in  operation.  The  geometry  was  the  same  as  for  other 
LIF  experiments;  the  fluorescence  was  imaged  at  right  angles  by  a  two-lens  system  onto  the 
slits  of  a  0.3-m  monochromator.  Figure  4  shows  a  typical  scan  of  C2H2  LIF  as  the 
excitation  laser  is  scanned  between  215.63  and  216.63  nm.  The  signal-to-noise  ratio  is 
extremely  high,  with  the  inset  showing  a  small  portion  of  the  excitation  spectrum  slightly  to 
the  blue  of  the  strong  feature  that  can  be  attributed  to  the  R-head  ofthe(v3  =  4,Ka=l)- 
(v  4  =  0,  JL  4  =  0)  nu  - 1  g  subband  (labeled  Vq  Kq).  This  figure  illustrates  the  complexity 
of  the  excitation  features  in  this  region,  but  in  spite  of  the  complexity,  all  the  rotational 
transitions  can  be  attributed  to  acetylene.18  Vibrational  bands  similar  to  this  are  found 
throughout  the  ultraviolet.  Thus  far  we  have  observed  features  between  210  and  230  nm. 

The  most  surprising  result  occurred  when  we  resolved  the  fluorescence.  We 
observed  extremely  intense  emission  from  C2  after  excitation  of  the  A-state  of  C2H2. 

Figure  5  shows  this  strong  fluorescence  for  excitation  at  -215.9  nm  in  the  Vo  Ko  band  (see 
Figure  4).  The  top  panel  of  Figure  5  shows  the  spectrum  from  200  to  700  nm  uncorrected 
for  monochromator  response,  and  the  bottom  panel  shows  a  region  between  250  and  350 
nm  that  can  be  attributed  to  LIF  from  the  A-state  of  C2H2  itself.  To  our  surprise,  when  we 
looked  into  the  cell  containing  the  C2H2  with  the  laser  beam  going  though,  a  green 
fluorescence  corresponding  to  the  C2  emission  was  visible.  This  observation  raises  the 
question  of  how  this  electronically  excited  C2  is  being  produced  and  suggests  that  C2 
production  may  be  an  extremely  sensitive  method  of  C2H2  detection.  There  are  two 
obvious  possibilities.  Electronically  excited  C2  could  be  the  product  of  a  chemical  reaction, 
or  it  could  be  produced  in  a  photophysical  process  by  the  laser  itself.  The  pressure  and 
power  dependence  of  the  various  signals  should  reveal  which  process  is  the  most 
important. 
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Before  proceeding,  we  must  comment  on  the  origin  of  the  C2  emission.  The  largest 
features  in  the  fluorescence  spectrum,  those  at  430, 480,  520,  and  560  nm,  can  be 
attributed  to  the  d3rig-a3nu  Swan  system.  The  spectrum  clearly  shows  that  many  different 
vibrational  levels  are  populated.  The  C1ng-A1nu  Deslandres-d'Azambuja  system  (DAS), 
with  the  Av  =  -1,  0,  and  +1  progressions  at  415,  380,  and  360  nm,  respectively,  is  also 
present.  The  Swan  system  is  a  triplet  system,  and  the  DAS  system  corresponds  to  singlet 
C2.  Because  the  C2  emission  occurs  only  when  the  laser  is  resonant  with  an  acetylene 
transition  in  the  low-pressure  flow  cell,  the  emission  is  probably  not  the  result  of  an 
impurity  in  the  acetylene.  We  have  excited  different  bands  in  C2H2  and  find  that  the 
vibrational  structure  in  the  Swan  system  does  not  change  significantly  but  the  vibrational 
structure  in  the  higher  energy  DAS  system  is  more  sensitive  to  the  energy  of  the  excitation 
photon. 

Other  experiments  examining  the  time  dependence  of  the  laser-induced  C2  emission 
as  a  function  of  pressure  indicate  that  the  emission  is  produced  promptly  during  the  laser 
pulse  rather  than  from  a  reaction  with  a  photodissociation  product.  Figure  6  is  an  example 
of  the  data  showing  the  time  dependence  of  the  fluorescence  at  different  wavelengths.  We 
observed  either  the  Swan,  DAS,  or  C2H2  LIF  itself.  The  zero  pressure  intercepts 
correspond  to  previously  measured  radiative  lifetimes.  The  quenching  rate  constants 
obtained  from  the  slopes  of  the  lines  are  noticeably  different  The  Swan  system  is  removed 
most  slowly  by  added  C2H2,  which  makes  the  Swan  system  a  very  promising  candidate 
for  detection  of  C2H2  at  higher  pressures;  both  the  DAS  system  and  C2H2  LIF  are 
quenched  much  more  rapidly.  Such  behavior  with  pressure  must  be  taken  into  account  in 
designing  the  best  method  for  detecting  C2H2  at  atmospheric  pressure.  Quantitative  aspects 
of  these  data  are  presented  in  appendices  H,  J,  and  K. 

To  understand  the  photophysics,  we  also  examined  the  signal  as  a  function  of  laser 
power  for  the  different  emissions,  as  shown  in  Figure  7.  As  expected,  the  C2H2  LIF  has 
about  a  first-order  correspondence  with  laser  power,  and  the  emissions  from  C2  are  of 
higher  order.  The  slope  of  the  C2  line  is  about  2;  this  indicates  that  at  least  two  photons  are 
needed  to  reach  the  excited  state. 

Low-Pressure  Flame  Studies 

Using  the  information  obtained  in  the  room-temperature  studies  described 
above,  we  set  out  to  measure  signals  characteristic  of  C2H2  in  several  low-pressure  flames. 
This  search  is  complicated  by  the  large  number  of  species  generated  during  the  combustion. 


19 


215.8  216.0  216.2  216.4  216.6 


EXCITATION  WAVELENGTH  (nm) 


RA- 1483-21 


Figure  4.  C2H2  UF  signal  in  the  ultraviolet. 
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Figure  5.  Fluorescence  spectrum  after  excitation  of  C2H2. 
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Figure  6.  Pressure  dependence  of  the  time  decay  of  the 
fluorescence  signal. 
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Figure  7.  Laser  power  dependence  of  the  C2H2  LIF  signal  and  the 
C2  Swan  fluorescence. 
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To  make  the  search  for  C2H2  easier,  we  began  our  investigation  in  a  C2H2/O2  flame. 
Because  C2H2  is  a  fuel  species,  we  would  expect  its  concentration  to  be  greatest  near  the 
burner  surface  and  to  decrease  over  the  approach  to  the  flame  front  as  a  result  of 
decomposition  and  changes  in  temperature.  By  examining  different  excitation  and  detection 
wavelengths,  we  could  decide  which  would  be  the  most  sensitive  and  least  subject  to 
interference  from  other  species  and  processes.  From  the  relative  intensity  of  features  in  the 
fluorescence  spectrum  in  Figure  5,  the  C2  Swan  emission  will  clearly  generate  the  largest 
signals  at  typical  laser  powers.  A  large,  continuous  flame  emission  at  the  Swan  (0,0) 
fluorescence  wavelength  presents  an  experimental  difficulty;  however,  with  time  gating  on 
the  signal,  the  large  background  can  be  considerably  reduced. 

Figure  8  shows  the  fluorescence  signal  at  -520  nm,  corresponding  to  the  Swan 
(0,0)  band  after  excitation  at  two  wavelengths  in  the  ultraviolet.  The  curve  labeled  "on 
resonance"  corresponds  to  excitation  of  the  Vo  Ko  feature  in  C2H2,  and  the  "off 
resonance"  curve  was  taken  at  a  wavelength  where  little  acetylene  is  excited.  Note  that 
these  two  excitation  features  have  very  different  profiles.  The  on  resonance  curve  peaks 
near  the  burner,  while  the  off  resonance  curve  is  negligible  at  the  start,  increases  through 
the  flame  front,  and  decreases  in  the  burnt  gases.  The  difference  between  the  two  signals 
can  be  attributed  to  the  concentration  of  C2H2  as  corrected  for  the  change  in  relative 
population  of  the  rotational  level  we  excite  at  the  on  resonance  wavelength  (shown  in  the 
bottom  panel).  Because  the  signals  from  the  C2H2  and  from  the  interference  are  of  the 
same  order  of  magnitude,  the  resonant  component  can  be  detected.  To  further  investigate 
these  signals,  we  seeded  a  small  amount  of  C2H2  into  a  well  characterized  7-Torr  H2/O2 
flame7-20  for  which  temperature  and  OH  concentration  profiles  had  been  measured.  We 
were  able  to  see  strong  C2  signals  similar  to  both  the  on  and  off  resonance  signals 
described  above  for  the  C2H2/O2  flame.  Although  the  profiles  in  this  flame  persisted 
higher  off  the  burner,  the  relative  amplitudes  of  on  and  off  resonance  components  were 
very  similar.  When  we  dispersed  the  fluorescence  in  this  flame,  the  C2H2  resonant  and 
nonresonant  signals  showed  very  similar  fluorescence  spectra.  The  similarity  indicates  that 
no  better  detection  wavelength  exists  for  discriminating  the  interference  from  the  desired 
signal  and  also  points  to  the  possibility  that  the  two  components  can  be  produced  by  similar 
methods.  Much  more  work  is  necessary  before  final  conclusions  can  be  drawn. 

We  have  also  estimated  the  amount  of  C2H2  we  could  detect  with  our  very 
unoptimized  system:  near  the  burner  we  were  able  to  observe  about  200  ppm  of  C2H2. 
Several  improvements  can  be  made  to  lower  this  detection  limit. 
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Figure  8.  Position  dependence  of  the  C2H2  signal  in  a  low-pressure  flame. 
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ch3 

The  methyl  radical  (CH3)  is  a  chemically  important  intermediate  in  the  ignition  and 
combustion  of  hydrocarbon  fuels.  CH3  is  less  reactive  than  other  hydrocarbon  radicals, 
and  often  its  decomposition  or  oxidation  is  a  slow  step  in  the  combustion  mechanism. 
Therefore,  especially  in  the  early  stages  of  combustion,  the  CH3  concentration  would 
provide  a  crucial  rest  of  currently  available  combustion  mechanisms.  Unfortunately,  the 
methyl  radical  has  never  been  detected  by  LIF,  and  its  only  accessible  electronic  feature  is 
unstructured  and  absorbs  deep  in  the  ultraviolet  portion  of  the  spectrum,  near  216  nm.21 
This  feature  is  unstructured  because  of  the  rapid  predissociation  of  the  excited  state.  The 
CH3  radical  has  been  detected  by  REMPI  in  low-pressure  flames.13*22 

We  attempted  to  observe  CH3  by  absorption  in  the  216-nm  region.  The  first 
experiments  were  single-pass  absorption  studies,  our  ultimate  goal  being  application  of 
photoacoustic  or  photodeflection  methods  to  this  region  of  the  spectrum.  We  have  seen 
this  absorption  by  directly  measuring  the  power  before  and  after  the  flame  as  a  function  of 
wavelength.  The  path  length  was  6  cm  in  a  CH4/O2  flame  at  100  Torr  and  <t>  =  1.5.  We 
observed  an  absorption  of  less  than  5%  with  about  a  2  to  1  signal-to-noise  ratio,  as  can  be 
seen  in  Figure  9.  We  were  unable  to  observe  an  absorption  signal  in  less  rich  flames 
because  of  the  signal-to-noise  level.  However,  this  result  is  very  encouraging,  because  we 
should  be  able  to  increase  the  sensitivity  of  the  experimental  apparatus  both  by  multipassing 
the  laser  beam  and  by  applying  either  photoacoustic  or  photodeflection  techniques.  All  the 
possible  interferences  in  the  low-pressure  burner  system  should  be  evaluated  using 
different  flames. 

H02 

The  HO2  radical  is  present  in  cool  regions  of  the  flame  during  the  early  stages  of 
combustion.  It  is  one  of  the  few  radical  species  in  hydrogen  combustion  that  has  not  been 
observed  in  the  combustion  environment.  Both  its  low  concentration  and  its  unfavorable 
spectroscopic  properties  have  contributed  to  its  lack  of  detection.  Because  of  the 
importance  of  this  radical  in  the  early  ignition  chemistry,  an  attempt  to  detect  it  was 
warranted. 

Early  in  the  project,  we  attempted  to  use  PAD  to  detect  HO2  in  a  CH4/Q2  flame  at 
atmospheric  pressure.  Because  HO2  is  not  a  stable  species,  we  could  not  easily  perform 
room-temperature  experiments  similar  to  those  used  in  the  infrared  detection  of  C2H2. 
Infrared  laser  light  was  generated  and  the  photoacoustic  signal  detected  in  the  same  manner 
as  described  above.  As  shown  in  Figure  10,  we  observed  absorption  features  near  1.4  pm 
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Figure  9.  Methyl  radical  absorption  in  the  ultraviolet. 
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Water  PAD  spectra  in  the  region 
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in  the  area  of  a  low-lying  2  A'  excited  state  of  HO2,  but  all  observed  lines  persisted  out  into 
the  burnt  gases  and  could  be  assigned  to  H2O.23  In  retrospect,  we  concluded  that,  because 
of  overlap  with  the  major  species  (H2O),  HO2  should  be  almost  impossible  to  detect  near 
the  band  origin  of  this  transition  by  an  absorption  method.24  This  conclusion  was  verified 
by  some  simple  kinetic  modeling  which  showed  that,  even  in  low-pressure  flames,  the 
concentration  of  H2O  is  always  at  least  an  order  of  magnitude  greater  than  that  of  HO2. 
Because  of  this  difference  in  concentrations,  any  potentially  successful  detection  method 
will  be  insensitive  to  background  H2O  signals. 

Two  alternative  methods  may  be  feasible.  The  first  involves  exciting  high  vibration 
levels  of  the  low-lying  electronic  state  in  the  red  and  near  infrared  portions  of  the  spectrum 
and  observing  the  LIF  with  a  red-sensitive  photomultiplier  tube.  The  other  employs  two 
lasers:  one  to  photodissociate  the  HO2  near  250  nm,  and  the  second  to  probe  the  OH 
photofragment.  The  success  of  the  second  method  hinges  on  the  internal  state  distribution 
of  the  OH  photofragment  If  the  OH  photofragment  comes  out  in  high  vibrational  levels, 
we  should  be  able  to  detect  it  above  the  thermal  OH  in  the  flame;  but  if  the  photofragment 
comes  out  in  low  vibrational  levels,  the  signal  will  be  masked  by  the  thermal  OH. 
Experiments  in  a  room-temperature  flow  cell  are  needed  to  assess  the  feasibility  of  both 
techniques. 

CH2 

The  CH2  diradical  occurs  during  the  early  stages  of  fuel  decomposition  and  is 
important  in  the  chemistry  of  ignition,  soot,  and  possibly  NOx  formation.  Methylene 
presented  a  unique  experimental  challenge.  Methylene  has  a  triplet  ground  state  and  a 
metastable  singlet  excited  state  lying  about  3150  cm*1  higher.  Unfortunately,  the  only 
known  triplet  excited  state  lies  at  such  high  energy25  that  excitation  with  lasers  from  the 
ground  state  is  not  feasible  in  the  combustion  environment.  However,  in  room-temperature 
experiments,  LIF  has  been  observed  in  the  ^Bj  -  a*Ai  system  of  singlet  CH2  created 
directly  in  the  a  state  by  the  photodissociation  of  either  acetic  anhydride  or  ketene.26*29 
This  system  occurs  in  the  visible  region  of  the  spectrum.  Figure  1 1  shows  the  vibronic 
Boltzmann  fraction  for  both  the  ground  triplet  state  (X)  and  the  singlet  state  (a)  as  a 
function  of  temperature.  If  these  states  are  in  equilibrium  at  combustion  temperatures, 
about  1%  of  the  CH2  molecules  will  be  in  the  a1  Ai  (0,0,0)  state  at  1600  K.  At  the  start  of 
this  investigation  we  were  unsure  if  this  small  fraction  would  be  enough  to  detect  CH2  in 
the  complex  environment  of  a  flame. 
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Figure  1 1 .  Plot  of  the  vtoronic  Boltzmann  fraction  for  the  triplet  ground  state  and 
lowest  singlet  state  versus  temperature. 
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On  this  project  we  performed  the  first  optical  detection  of  the  chemically  important 
methylene  radical  in  a  combustion  system.  The  details  of  this  observation  are  contained  in 
Appendix  I.  What  follows  is  a  brief  summary  of  that  initial  study. 

Methylene  absorbs  light  in  vibrational  bands  between  400  and  800  nm30;  initially, 
we  chose  to  study  the  (0, 16, 0)  -  (0, 0, 0)  vibrational  band  near  18,600  cm'1.  This 
investigation  began  in  a  low-pressure  methane/oxygen  flame  because  it  was  easy  to  operate 
at  low  pressures  and  the  flame  had  a  simpler  chemistry  than  those  containing  higher 
hydrocarbons.  The  experimental  setup  was  typical  for  LEF  experiments.  We  observed  the 
fluorescence  at  a  right  angle  to  the  incoming  laser  beam  and  dispersed  the  fluorescence  in  a 
monochromator.  From  the  start  we  knew  that  the  signals  would  be  small  and  thus  the 
fluorescence  would  have  to  be  detected  away  from  the  excitation  laser  wavelength  to  avoid 
scattered  laser  light.  After  several  days  of  searching,  we  located  an  extremely  weak  signal 
in  the  correct  wavelength  region  for  both  excitation  and  fluorescence.  After  all  possible 
parameters  were  maximized,  the  signal  corresponded  to  about  1  fluorescence  photon  every 
5  laser  shots.  This  extremely  small  signal  made  all  the  experiments  difficult  and  time 
consuming.  However,  we  unambiguously  identified  the  detected  species  as  methylene  and 
went  about  examining  different  vibrational  transitions  by  using  other  flame  sources  and 
looking  at  the  time  dependence  of  the  fluorescence.  We  also  obtained  relative  concentration 
profiles  of  CH2,  CH,  and  OH  along  with  a  temperature  profile  in  a  5.6  Torr  <p  ~  1.05 
methane/oxygen  flame. 

Attempts  to  make  the  measurements  quantitative  were  hampered  by  uncertainty  in 
the  level  of  optical  saturation  in  the  methylene  measurement  and  lack  of  available 
spectroscopic  parameters.  Since  this  was  the  first  investigation  of  this  species,  many 
questions  remain  to  be  answered.  Preliminary  modeling  studies31  indicate  that  at  these 
pressures  the  singlet  and  triplet  manifold  may  not  be  in  equilibrium  and  thus  separate 
treatment  of  the  two  species  would  be  required  in  any  modeling  effort.  We  also  discovered 
the  importance  of  knowing  the  level  of  saturation  of  the  excitation  laser.  Finally,  the 
spectroscopic  parameters  that  require  measurments  were  determined.  These  include 
vibrational  band  transition  probabilities  for  the  (0,16,0)  level  of  the  state. 

Unfortunately,  the  signal  levels  for  detection  of  CH2  are  extremely  low,  and  thus 
extreme  care  must  be  used  in  its  detection.  Because  of  these  low  signal  levels,  this 
technique  cannot  be  applied  to  a  wide  variety  of  combustion  systems  like  detection  of  OH. 
However,  detection  is  indeed  feasible,  and  for  a  few  well  chosen  laboratory  flames  it  will 
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provide  a  good  test  of  hydrocarbon  combusdon  chemistry.  Further  work  is  required  to 
make  this  technique  quantitative. 
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CONCLUSIONS 


In  this  project  we  have  improved  and  quantified  the  LIF  techniques  used  in 
measuring  of  the  CH  radical  concentration  and  developed  new  methods  for  the  detection  of 
the  chemically  important  transient  species  C2H2,  CH2,  and  CH3.  CH  detection  is  now 
well  understood  and  C2H2  detection  shows  promise  as  an  extremely  useful  method 
applicable  to  several  practical  systems  such  as  turbulent  diffusion  flames.  We  have 
demonstrated  that  detection  of  the  chemically  important  polyatomic  radicals  is  feasible  and 
with  additional  development  will  provide  useful  information  to  help  unravel  the  details  of 
the  chemistry  of  hydrocarbon  combustion. 
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ABSTRACT.  Chemiluminescence  in  flames  is  die  result  of  energetic  and  highly 
specific  reactions  involving  flee  radicals.  If  understood  and  linked  to  the  major 
combustion  chemical  mechanism,  it  can  be  of  use  for  monitoring  the  progress  of  that 
chemistry.  Although  there  is  firm  evidence  for  certain  reactions  to  form 
electronically  excited  OH  and  CH  in  hydrocarbon  flames,  the  generally  accepted 
chemiluminescence  mechanisms  cannot  explain  all  of  the  Observations,  hwtiraring  the 
importance  of  other  pathways.  Sane  of  die  evidence  for  other  pathways  can  be 
found  in  the  highly  nonequilibrium  interna!  level  distributions  seen  in  flame 
chemiluminescence.  An  interpretation  of  these  observed  distributions  in  terms  of  the 
nascent  results  from  the  elementary  reactions  involves  consideration  of  state-specific 
electronic  quenching  and  energy  transfer.  We  present  some  recent  observations  on 
chemiluminescent  emission  from  CH  and  OH  in  hydrocarbon  flames  on  a 
low-pressure  flat  flame  burner,  and  summarize  pertinent  experiments  in  flames  and 
other  systems  on  excited  state  quenching  and  energy  transfer  in  these  two  radicals. 


1.  INTRODUCTION 

The  light  emitted  as  a  result  of  chemiluminescent  reactions  of  free  radicals  forms 
what  we  familiarly  think  of  as  a  flame,  even  though  those  reactions  constitute  but  a 
negligible  pathway  for  the  overall  conversion  of  fuel  and  oxidant  to  combustion 
products.  There  have  been  numerous  early  studies  of  flame  luminescence,  as 
exemplified  by  Gaydon's  book  [1]  on  the  topic,  but  in  recent  years  the  concentration 
on  laser-based  optical  methods  has  generally  superseded  such  studies.  Nevertheless, 
an  understanding  of  the  process  of  chemiluminescence  from  flames  can  have  practical 
benefits,  for  its  use  as  a  monitor  of  the  progress  of  the  flame  chemistry  under 
conditions  where  probing  by  lasers  cannot  be  carried  out  We  can  cite  several  such 
recent  examples:  the  measurement  of  CH,  C2  and  OH  chemiluminescence  to  deduce 
spatial  and  temporal  regimes  of  heat  release  in  pulse  combustors  (2];  the  use  of  CH 
emission  to  conditionally  sample  flame  fronts  in  gas  turbine  engines  [3];  and  the 
observations  of  emission  from  C2  and  from  both  the  and  A? A  states  of  CH  as 
markers  of  shock  fronts  in  detonation  waves  [4].  It  can  be  noted,  interestingly,  that 
in  this  last  study  the  radiation  from  these  two  states  did  not  coincide  temporally  in 
the  shock.  Additionally,  the  chemiluminescence  can  be  of  direct  significance  such  as 
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its  use  in  detecting  rocket  plumes  through  observations  in  visible  and  ultraviolet 
spectral  regions  [5]. 

Despite  the  many  observations  of  these  phenomena,  there  remain  many 
unanswered  mechanistic  questions.  Nearly  all  of  the  identifiable  light  emimrm  from 
flames  is  from  small  free  radicals,  and  the  formation  of  the  radicals  in  electronically 
excited  states  demands  energetic  precursors.  Thus  the  reactants  are  also  free 
radical:.  many  of  the  likely  reactions  form  the  highly  staNe  CO  mclsrtle  as  one  e? 
the  products.  Only  fairly  recently  [6]  were  any  mechanistic  pathways  for 

the  production  of  excited  OH  and  CH  in  one  low-pressure  flame,  using  absorption 
measurements  of  ground  state  radical  concentrations;  but,  for  at  least  CH,  even  that 
mechanism  has  been  questioned  in  a  different  series  of  experiments  [71- 

In  these  reactions,  there  is  often  considerable  energy  deposited  into  internal 
degrees  of  freedom  of  the  emitting,  electronically  excited  radical.  An  illustrative 
example  is  shown  in  Fig.  1.  which  exhibits  a  Boltzmann  {dot  of  the  rotational 
populations  in  the  v'=0  level  of  the  state  of  the  OH  radical  in  the  primary 
reaction  zone  of  an  atmospheric  pressure  methane/oxygen  flame.  The  distribution 
appears  bimodal.  described  by  two  "temperatures'.  At  lowest  N',  the  (poorly 
determined)  value  of  1700  K  is  not  far  hum  the  rotational  temperature  of  ground 
state  OH,  determined  by  absorption  measurements.  The  highly  nonequilibrium 
distribution  at  higher  N\  however,  is  far  hotter  than  any  possible  flame 
temperature.  It  is  die  result  of  the  nascent  distribution  from  the  chemiluminescent 
reaction  forming  [8]  OH*  (possibly  CH  +  Oj),  together  with  rotational  energy 

N' 
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FIGURE  1.  Rotational  level  Boltzmann  plot:  the  logarithm  of  die  state  population 
divided  by  its  degeneracy  vs.  its  energy.  Note  that  negative  values  increase  to  the 
top.  This  is  for  emission  horn  the  vM)  level  of  the  A^r*  state  of  the  OH 
molecule,  in  die  reaction  zone  of  a  stoichiometric,  atmospheric  pressure  CH4/O2 
flame.  The  distribution  is  bimodal,  with  the  populations  at  low-N’  dose  to  that  of 
the  ground  state  OH  rotational  temperature,  plus  a  nonequilibrium  high-N*  component 
reflecting  the  chemiluminescent  reaction  forming  OH  in  the  flame. 
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transfer,  and  rotadonally  state-specific  collisions  quenching  which  in  this  flame  is  the 
dominant  removal  mechanism  from  the  excited  state  [9].  Similar  distributions  ,\ave 
been  observed  in  other  hydrocarbon  flames  (1,10). 

It  would  be  useful  to  relate  the  formation  of  the  chemiluminescent,  emitting 
radicals  to  the  progress  of  the  primary  combustion  reactions  for  a  variety  of  flame 
conditions.  In  doing  so,  relationships  among  excited  and  ground  state  radical 
concentrations  form  important  clues.  So  also  do  the  particular  state  distributions 
(elecDcnic,  roiaiio.ial  anJ  vibrational)  populated  by  these  reactions  in  the  Haines. 
Deducing  those  nascent  distributions  from  the  measured  ones  demands  knowledge  of 
collisions!  quenching  and  internal  energy  transfer  in  the  flame  environment.  For 
several  yean  we  have  been  studying  these  collisional  processes  for  a  variety  of 
small  free  radicals  important  in  combustion,  and  have  recently  begun  observations  of 
the  chemiluminescence  itself  in  a  low-pressure  burner  system.  In  this  paper,  we  will 
concentrate  on  two  species:  OH  and  CH.  We  will  describe  some  of  the 
chemiluminescence  results,  which  raise  new  questions  (but  do  not  yet  resolve  them!) 
concerning  the  mechanistic  pathways,  and  shall  summarize  current  knowledge  of 
quenching  and  energy  transfer  for  these  radicals  in  flame  environments. 


2.  CHEMILUMINESCENCE  OF  CH  AND  OH 


It  was  long  ago  suggested  [1]  but  only  more  recently  established  [11,12]  that  in 
hydiocarbon/oxygen  flames  the  major,  perhaps  sole,  means  of  formation  of  OH*  is 
the  reaction  between  CH  and  02-  The  evidence  supporting  this  conclusion  [11] 
comes  from  the  constancy  over  various  operating  conditions,  in  a  low-pressure 
C2H2/O2  flame,  of  the  relationship  [0H*]nT1/2/[CH][02],  where  n  is  the  total 
density;  this  is  as  expected  from  a  simple  steady  state  balance  between  this 
formation  reaction  and  collisional  removal  of  the  excited  state.  Further  support  is 
found  in  the  results  from  a  room  temperature  discharge  flow  system  [12]  of  O  + 


C2H2,  which  are  in  agreement  with  a  complex  computer  model  of  the  reaction 
network.  This  reaction  yields  rotationally  hot  distributions,  as  seen  in  Fig.  1, 
contrasting  for  example  with  the  nonequilibrium  vibrational  distributions  of 


in  a  H2/O2  flame  [1]  (formed  in  that  case  via  inverse  predissodadon). 

Several  spatial  profiles  of  the  intensities  of  chemiluminescence  of  CH*  and 
OH*  and  laser-induced  fluorescence  (LIF)  of  CH  and  OH  from  the  low-pressure 


burner  experiments  [13]  are  shown  in  Figs.  2  and  3.  A  sintered,  porous  disc  flat 


flame  burner  of  5  cm  diameter  is  housed  in  an  evacuable  chamber,  permitting  flames 


to  be  stabilized  down  to  about  3  Torr.  Measurements  of  excited  state 


chemiluminescence  are  made  with  a  small  monochromator,  here  operated  with  a 
typical  10  nm  bandpass  and  a  wavelength  fixed  to  the  center  of  the  emission  band 
being  monitored.  The  spatial  resolution  is  governed  by  the  slit  width  and  is  about 
0.4  mm.  Ground  state  measurements  are  made  using  LIF  with  an  excimer-pumped 
dye  laser,  frequency  doubled  to  detea  OH  or  used  directly  in  the  ultraviolet  or  blue 
for  exciting  the  CH  B  and  A  states  respectively.  Here,  the  pulsed  laser  produces 
pulsed  LIF,  which  is  time-resolved  to  discriminate  against  the  flame  emissioa 

Fig.  2  shows  die  spatial  profiles  for  a  stoichiometric  propane/oxygen  flame  at 
6.5  Tore.  There  are  several  salient  features.  First,  the  OH*  emission  profile  peaks 
higher  off  the  burner  (i.e.,  later  in  the  flow)  than  the  ground  state  CH  profile.  The 
O2  concentration,  although  not  measured  here,  must  continually  decrease  as  a 
function  of  distance  from  the  burner.  Over  this  region,  the  temperature  (measured 
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FIGURE  2.  Spatial  profiles  of  LIF  and  chemiluminescence  for  several  flame 
radicals,  taken  in  the  low-pressure  burner.  The  flame  is  C3Hg/02  at  a  pressure  of 
6.5  Torn  Note  that  intensities,  not  radical  concentrations,  are  plotted;  die 
relationship  between  the  two  involves  a  quantum  yield  which  is  however  nearly 
constant  throughout  this  flame. 
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separately  in  CH  rotational  excitation  scans)  varies  from  -1500  K  to  2000  K. 

Using  temperature-dependent  quenching  cross  sections  [9],  describee  below,  we  expea 
that  the  OH  quantum  yield  should  vary  only  about  5%  through  the  flame;  direct 
measurements  [14]  of  CH  quenching  on  the  same  burner  show  that  its  quantum  yield 
too  is  constant  Thus  these  intensity  profiles  can  be  taken  as  equivalent  to 
concentration  profiles  of  OH*  and  ground  state  CH.  Taken  together,  they  do  not 
m;:rh  that  expected  from  the  CH  +  C>2  reaction.  Consequently,  there  must  here  be 
sane  additional  mechanism  responsible  for  the  product! cm  of  OH*.  This  is  also 
evident  from  the  strong  OH*  emission  in  a  C3Hg/N20  flame  (Fig.  3).  Again,  the 
hydroxyl  emission  peaks  later  than  the  CH  ground  state,  even  though  here  there  is 
little  molecular  oxygen  present. 

Evidence  concerning  the  CH*  production  mechanism  cones  from  the  state 
selectivity  observed.  In  the  oxygen-based  flame.  Fig.  2,  the  CH  B^E- 
chemiluminescence  has  a  slightly  different  profile  from  that  of  the  A^A  emission. 

This  suggests  either  that  these  two  states  are  formed  via  different  reactions,  or  else 
that  the  emission  quantum  yield  varies  markedly  with  position  through  the  flame, 
differing  for  each  state.  The  latter  possibility  can  be  addressed  from  the  quenching 
study  [14]  on  both  states  of  CH  made  in  the  burner.  Although  the  B  state 
quenches  more  rapidly  and  the  B  -»  A  transfer  rate  varies  slightly  (perhaps  10%) 
with  burner  position  (see  below),  that  cannot  explain  the  difference  in  profiles.  This 
can  be  concluded  from  an  energy  transfer  experiment  in  an  atmospheric  pressure 
methane/oxygen  flame  [15],  which  showed  that  only  about  20%  of  the  B -state 
molecules  are  quenched  to  the  emitting  A-state.  Thus  we  oondude  that  there  are  (at 
least)  two  mechanisms  for  producing  excited  CH.  Similar  results  are  seen  for 
methane  flames.  (The  ^O-based  flames  provide  no  evidence  of  this  nature  because 
strong  chemiluminescence  from  CN  masks  the  CH  B-X  emission,  as  seen  in  Fig. 

3).  On  the  other  hand,  the  differences  are  small  (see  Fig.  2)  and  disappeared  when 
the  propane  flame  was  diluted  with  N2.  Thus  there  is  a  state  selectivity  indicating 
at  least  two  production  reactions,  although  the  reaction  which  produces  the  difference 
in  A  and  B  state  profiles  may  be  only  a  fraction  of  the  total  CH*  formation 
mechanism. 

Previous  evidence  for  the  mechanism  of  formation  of  CH*  comes  from  two 
experiments.  A  measurement  [6]  of  spatial  profiles  in  low-pressure  C2H2/O2  flames 
showed  the  ratio  [CH*]/[C2)[OH]  to  be  remarkably  constant  with  variation  in  many 
different  flame  parameters.  Only  the  A^A  state  was  observed,  however.  In  a  more 
recent  study  [7]  in  a  low  pressure  discharge  flow  at  room  temperature,  emission 
spatial  profiles,  measured  downstream  from  mixing  of  0  +  C2H2,  were  compared 
with  the  results  of  a  computer  calculation,  varying  many  discharge  parameters.  Here 
it  was  concluded  that  CH*  was  produced  from  the  reaction  O  +  C2H.  not  the 
reaction  C2  +  OH  deduced  from  the  flame  study.  The  present  profiles  suggest  that 
neither  mechanism  is  solely  responsible  for  the  formation  of  electronically  excited  CH. 

Another  pertinent  observation  is  that  of  a  third,  excited  state  of  CH,  C^E*. 
which  lies  some  6300  cm'1  or  9000  K  higher  than  B2E'.  It  is  not  seen  in  low 
pressure  discharges  [7,16]  of  acetylene  and  oxygen  but  is  observed  in  atmospheric 
pressure  flames  of  those  two  reactants  [16].  This  is  significant  in  that  the  energetics 
of  the  two  proposed  CH*  formation  reactions  are  considerably  different;  O  +  C2H 
has  just  enough  energy  at  threshold  to  populate  the  v*-0  level  of  B^E-  whereas  OH 
+  C2  is  energetic  enough  to  directly  produce  C?Ef.  We  find  the  argument  in  Ref. 
7,  that  the  C-state  is  formed  in  flames  from  vibrstionally  excited  C2H,  to  be 
questionable,  in  view  of  the  very  large  amounts  of  excess  energy  required  above 
threshold. 
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3.  COLUSIONAL  QUENCHING  OF  CH  AND  OH  IN  FLAMES 

It  can  be  seen  from  the  above  that  it  is  necessary  to  account  for  collisions]  effects 
on  the  emission  quantum  yields  when  interpreting  chemiluminescence  profiles  to 
deduce  mechanistic  information.  In  this  section,  we  summarize  the  results  of  a 
series  of  experiments  on  quenching  and  energy  transfer  in  electronically  excited  OH 
and  CH,  which  are  pertinent  to  such  flame  studies. 

We  have  made  OH  measurements  in  discharge  flow  cells  and  a  laser 
pyrolysis/laser  fluorescence  (LP/LF)  apparatus  [16]  for  T  =  230  to  1400  K,  and  on 
CH  in  the  burner,  at  T  -  1700  K.  The  measurements  of  quenching  were  made 
from  die  pressure  dependence  of  the  direct  time  decay  of  LIF  signals;  an  example 
of  such  a  decay  trace  from  the  CH  experiments  is  shown  in  the  upper  panel  of  Fig. 

4.  Energy  transfer  has  been  studied  using  fluorescence  scans  following  laser 
excitation  of  an  individual  upper  state  level. 

The  OH  room  temperature  results  showed  a  key  finding  [17,18]:  that  the 
quenching  cross  section  cq  varied  markedly  with  rotational  level  N\  for  some  20 
collision  partners  studied.  This  state-specific  effect  can  be  seen  because  individual 
rotational  levels  are  excited  by  the  laser,  and  they  do  not  rotatiotially  therm alize 
before  undergoing  a  significant  amount  of  quenching.  In  some  cases,  oq  drops  as 
much  as  twofold  as  N*  increases  from  0  to  5.  This  has  important  implications  for 
interpreting  distributions  such  as  in  Fig.  1,  because  the  OH  in  the  flame  also  does 
not  become  ro rationally  therroalized  before  quenching  [19].  On  die  other  hand, 
neither  the  rotational  level  dependence  at  high  N*.  nor  the  temperature  dependence  of 
the  N’-dependence  is  known,  so  at  present  the  effects  of  this  variation  of  oq  can 
only  be  estimated.  Recent  experiments  in  the  burner  [14]  have  shown  the  quenching 
of  both  the  B-  and  A -states  of  CH  vary  with  N\  although  the  variation  in  the 
frames  is  less  marked,  20%  at  most  The  degree  varies  with  flame;  it  is  flat  for 
CH4/O2  and  decreases  similarly  for  CgHg/C^  and  C2H2/O2.  This  can  be  ascribed 
to  the  different  collisions!  environments  in  these  flames.  We  can  make  analogy  with 
both  the  OH  results  [18]  as  well  as  with  recent  room  temperature  studies  [20]  of 
oq  for  A^n,  NH.  which  show  a  degree  of  rotational  level  dependence  similar  to 
that  for  OH.  We  then  expect  a  large  N'  variation  for  CO2  and  little  for  H2O. 
although  this  does  not  offer  a  full  explanation  of  the  variation  with  flame. 

Room  temperature  oq  values  for  OH  are  large,  ranging  from  10  to  100  X2, 
indicating  [18]  that  attractive  forces  are  involved  in  the  collision.  (The  rotational 
level  dependence  is  then  ascribed  [18]  to  anisotropies  in  this  attractive  surface).  A 
governing  attractive  interaction  is  in  accord  with  studies  [21]  of  tire  temperature 
dependence  of  OH  quenching,  measured  in  both  the  flow  and  LP/LF  systems.  In  all 
cases,  oq  decreases  as  the  temperature  increases.  There  is  a  further  decrease  in  the 
cross  section  averaged  over  a  thermal  rotational  distribution,  because  of  the  shift  with 
increasing  temperature  to  higher  N',  having  lower  state-specific  oq.  This  must  also 
be  taken  into  account  in  interpreting  chemiluminescence  data,  which  exist  over  a 
range  of  temperature  near  the  flame  front 

The  average  cross  section  for  a  rotationaHy  thermal  distribution  in  the  v’=0 
level  of  the  A2A  state  of  CH  has  also  been  measured  at  elevated  temperature  in  the 
LP/LF  apparatus  [22],  Here,  a  comparison  could  be  made  with  cross  sections 
determined  from  a  photodissociation  method  at  room  temperature  [23].  For  the  four 
colliders  common  to  both  experiments,  oq  increased  from  25%  to  tenfold,  in  going 
from  300  K  to  1300  K.  This  behaviour  is  markedly  different  from  that  of  OH. 

This  indicates  a  quenching  mechanism  for  CH  involving  some  kind  of  barrier  or 
repulsive  surface. 
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FIGURE  4.  Time  dependence  of  fluorescence  from  die  CH  molecule  in  a  CH4/O2 
flame  at  6.5  Ton.  The  laser,  with  a  pulse  length  of  10  ns,  excites  the  B^E*  state. 
The  upper  panel  shows  the  fluorescence  from  this  state;  the  decay  time  is  governed 
by  both  quenching  and  radiation.  The  bottom  panel  shows  the  fluorescence  from 
A-2 A.  populated  by  collisional  energy  transfer  from  B.  Its  rise  time  is  the  same  as 
the  B  decay  time,  and  this  trace  decays  due  to  quenching  and  radiation  from  A. 
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Quenching  of  both  the  B^r*  and  A^A  states  of  CH  has  also  been  studied  in 
the  low-pressure  burner  (M].  Unlike  the  flow  or  LP/LF  systems,  flames  do  not 
offer  an  environment  consisting  of  only  one  collision  partner.  Nonetheless,  some 
collider-specific  cross  sections  can  be  obtained  for  important  flame  gases.  Operating 
in  an  H2/O2  flame  at  about  1500  K  (with  trace  amounts  of  CH4  added  to  produce 
CH),  on  for  H2O  could  be  measured.  Results  for  N2  and  CO2  were  obtained  by 
diluting  flames  with  these  chemically  inert  gases,  and  extrapolating  the  quenching 
rate  to  100%  added  diluent.  An  example  of  this  method  is  shown  in  Fig.  5.  For 
these  two  colliders  the  quenching  cross  sections  are  larger  than  those  from  the 
LP/LF  experiments  The  LP/LF  experiments  were  performed  at  1300  K  while  these 
flame  measurements  are  at  1700  K.  This  thus  shows  an  increase  in  cross  section 
with  increasing  temperature  for  these  two  colliders,  for  which  no  room  temperature 
measurements  exist.  For  H2O,  this  represents  the  first  quenching  determination  for 
this  important  collision  partner.  The  cross  sections  are  collected  in  Table  1. 


FIGURE  5.  Plot  of  the  collisional  rate  constant  in  CH4/O2  flames  diluted  with  N2. 
as  a  function  of  mole  fraction  of  flame  gas.  X=0.0  corresponds  to  100%  N2.  so 
that  the  intercept  is  the  rate  constant  due  to  nitrogen  quenching. 


This  table  replaces  Table  1  in  the  text.  Subsequent  studies  have  shown  we  can 
only  set  upper  limits  on  the  collisional  cross  sections.  See  K.  J.  Rensberger, 
M.  J.  Dyer,  and  R.  A.  Copeland,  Appl.  Opt  22. 3679  (1988)  for  a  complete 
discussion. 


CH  A2A  and  B2E*  collisional  cross 

sections/A2. 

Collider 

n2 

CO2 

H20 

Flame 

CH  B 

<4 

<4 

<18 

CH  A 

<3 

<4 

<13 

LP/LF  (Ref.  22) 

CHA 

1.4 

2.1 

The  decay  trace  shown  in  the  upper  part  of  Fig.  4  is  obtained  following  laser 
excitation  of  a  specific  N*  level  in  the  v'=0  level  of  the  B2£"  state  of  CH  inthe 
burner  Here,  the  spectrometer  which  viewed  the  fluorescence  was  tuned  to  390  nm. 
the  location  of  the  (0,0)  band  of  the  B-X  system.  If  the  spectrometer  wavelength  is 
changed  to  413  nm.  the  trace  in  the  lower  panel  results.  This  is  fluorescence  in  the 
(00)  and  (1.1)  bands  of  the  A-X  system,  produced  by  CH  molecules  which  have 
been  collisionally  transferred  from  the  B  to  die  A  state.  Note  that  die  risetime  of 
the  A-X  emission  is  dv  same  as  the  decay  of  the  B-X  trace,  whereas  the  A  state 
dies  out  more  slowly,  having  smaller  Oq  for  all  flame  conditions  and  the  tine 
individual  collision  partners  for  which  measurements  were  made.  Spatial  profiles 
showing  the  fluorescence  from  A  caused  by  collisional  transfer  from  8  are  given  in 
Figs.  2  and  3. 


4.  SUMMARY 

Observations  on  chemiluminescence  of  OH  and  CH  in  hydrocarbon  flames  have  been 
summarized,  and  new  experimental  results  suggesting  possible  multircacuon  pathways 
have  been  described.  The  possible  reactions  for  the  production  of  CH*  have  very 
different  energetics,  and  the  nascent  distributions  of  populations  within  internal  levels 
of  the  emitting  radical  may  provide  clues  concerning  the  important  pathway.  A 
proper  interpretation  of  the  observed  rotational  distributions  must  include 
considerations  of  the  competing  collisional  routes  of  quenching  and  rotanonal  energy 
transfer  Experiments  performed  over  a  large  temperature  range  have  shown  that  for 
these  two  radicals  the  quenching  cross  section  depends  markedly  on  both  rotanonal 
quantum  state  and  temperature. 
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ABSTRACT 

Tine -resolved  laser -induced  fluorescence  measurements  of  the 
total  removal  rate  constants  of  electronically  excited  states  of  the 
NH  and  CH  radicals  have  been  obtained  in  a  variety  of  low-pressure 
(5  to  20  Torr)  flames.  The  NH(A^II)  removal  rate  constants  have  been 
examined  for  flames  containing  NjO  as  an  oxidizer  and  source  of 
nitrogen.  The  NH  fluorescence  quantum  yields  decrease  significantly 
in  the  early  portion  of  the  flasw  where  the  temperature  is  lower, 
and  become  constant  farther  away  from  the  burner.  For  CH,  the  B*2‘ 
removal  rate  constant  is  about  70%  faster  than  that  of  the  A^A  in 
several  hydrocarbon/oxygen  stoichiometric  flames;  both  rates  do  not 
vary  significantly  from  flame  to  flame.  The  CH  removal  rate 
constants  for  both  electronic  states  are  constant  or  show  a  slight 
increase  from  the  burner  surface  into  the  burnt  gases  for  all  the 
flames.  Temperature  profiles  are  obtained  using  excitation  scans 
over  several  rotational  levels  for  CH  and  NH. 

INTRODUCTION 

Laser- induced  fluorescence  (LIF)  is  a  sensitive,  selective  and 
non- intrusive  spectroscopic  diagnostic  technique  for  the  detection 
of  minor  species  in  flames.  Radical  intermediates  such  as  CH  and 
NH  are  ideal  candidates  for  LIF  detection  because  of  their 
relatively  low  concentration  (ppm)  and  easily  accessible  electronic 
states.  Quantitative  concentration  measurements  using  LIF  require 
knowledge  of  both  the  radiative  and  the  collisional  processes  that 
occur  following  electronic  excitation. 

In  this  work,  we  examine  the  collisional  energy  transfer  of  the 
A2A  and  BZ£*  states  of  CH  and  the  A3n  state  of  NH  by  direct 
measurement  of  the  time  dependence  of  the  LIF  in  several  low- 
pressure  premixed  flat  flames.  At  atmospheric  pressure,  the  LIF  of 
these  radicals  follows  the  time  profile  of  the  excitation  laser 
because  of  the  rapid  collisional  quenching;  in  the  low-pressure 
flame,  the  quenching  rate  is  reduced  so  that  the  fluorescence  decays 
are  significantly  slower  than  that  of  the  laser  light  and  can  be 
directly  observed. 


EXPERIMENTAL  APPROACH 

For  these  LIF  experiments,  the  pulsed  output  of  an  excimer- 
pumped  dye  laser  excites  the  radicals  from  the  ground  state  to  a 
specific  level  (v,  J)  in  an  excited  electronic  state.  The  radicals 
are  generated  in  a  premixed  low-pressure  laminar  flame  burning  on  a 
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McKenna  Products  flat  porous  plug  burner  of  6  cm  diameter.  Flames 
of  many  different  fuels,  oxidizers,  and  fuel  equivalence  ratios  are 
burned  in  the  study.  The  burner  can  be  scanned  vertically  to 
examine  different  regions  of  the  flame.  The  LIF  is  imaged  onto  the 
entrance  slit  of  a  monochromator  acting  as  a  wide  bandpass  tunable 
filter.  A  photomultiplier  tube  monitors  the  dispersed  light  and  its 
output  is  amplified  and  captured  using  either  a  100  megasample/sec 
transient  digitizer  or  a  boxcar  integrator.  The  time  dependent 
fluorescence  signal  is  fit  from  90%  to  10%  of  its  peak  value  to  a 
single  exponential  decay  constant. 

NH(A3II)  QUENCHING 

Until  this  study,  the  collisional  removal  rate  constants  of  the 
A3n  state  of  NH  in  flames  were  unknown;  however,  we  have  now 
directly  measured  fluorescence  decay  constants  in  a  number  of  low- 

typical  summary  plot 
of  the  data  for  a 
C2H4/N2O  flame  at  14 
Torr  with  a  fuel 
equivalence  ratio  of 
^  -  1.06.  The  bottom 
solid  line  is  the  NH 
LIF  signal  from 
excitation  of  the 
Pj(7)  transition  in 
the  (0,0)  vibrational 
band  of  the  A3II-X32* 
electronic  transition 
as  a  function  of 
height  above  the 
burner .  At  this 
pressure  the  signal 
peaks  near  5  mm  and 
persists  out  past 
12  mm.  The  boxes 
above  the  LIF  signal 
correspond  to  the  right-hand  vertical  axis  and  give  the  temperature 
profile  extracted  from  NH  excitation  spectra.  Details  will  be  given 
in  a  future  publication.  The  diamonds  show  the  decay  constants 
extracted  from  the  temporal  evolution  as  a  function  of  height  above 
the  burner.  They  change  considerably  from  early  times  in  combustion 
(near  the  burner)  to  the  burnt  gases  (>  10  mm).  Each  decay  constant 
is  composed  of  a  pressure  independent  term  due  to  the  NH  radiative 
lifetime  of  2.3  ps*3  and  a  pressure  dependent  term  due  to 
collisional  quenching.  The  decrease  in  the  decay  constants  shown  in 
Figure  1  for  NH  is  typical  for  all  the  flames  studied.  This 
behavior  can  be  explained  by  the  change  in  density  and  relative 
collision  velocity  that  results  from  the  differences  in  the 
temperature.  This  accounts  for  most  of  the  change  in  the  decay 
constant.  We  therefore  conclude  that  the  effective  cross  section 
for  collisional  removal  is  roughly  the  same  over  the  entire  flame. 


pressure  flames  containing  N2O.  Figure  1  is  e 
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CH(A2A)  AND  CH(B2E" )  QUENCHING 

The  electronic  quenching  of  the  A2A  state  of  CH  has  been  studied 
previously  for  a  20  Torr  methane /oxygen  flame  by  Cattolica  et  al.  , 
we  have  now  made  temporally  resolved  measurements  in  several  differ¬ 
ent  hydrocarbon/oxygen  flames  for  both  the  A2A  and  tl^  B22‘electronic 
states  of  CH.  We  find  these  notable  aspects  of  the  data.  The  CH 
fluorescence  quantum  yields  for  both  the  B-  and  A-states  extracted 
from  the  decay  constants  remain  constant  or  decrease  slightly  with 
distance  from  the  burner  surface,  in  marked  contrast  to  NH.  As  CH  is 
found  primarily  in  the  region  of  the  flame  front  where  the  tempera¬ 
ture  is  increasing,  a  quenching  cross  section  that  also  increases 
with  distance  from  the  burner  is  suggested  from  the  data.  We  observe 
chat  the  B-state  is  removed  about  70%  faster  than  the  lower  lying  A- 
state  for  all  the  flames,  even  though  the  position  dependences  are 
similar.  This  difference  in  quenching  was  anticipated  from  indirect 
measurements  in  an  atmospheric  pressure  flame  by  Garland  and 
Crosley.  Both  electronic  states  show  a  slight  decrease  of  10  to  20% 
in  quenching  with  increasing  rotational  level  N'  -  2  to  14. 

CH  B-*A  ELECTR0N1C-T0- ELECTRONIC  ENERGY  TRANSFER 

In  addition  to  the  total  removal  rates  described  above,  we 
obtain  information  on  the  pathways  of  the  removal  of  the  CH  B-state 
by  wavelength  resolution  of  the  fluorescence.  We  find  that  a 
significant  fraction  of  the  molecules  initially  excited  to  the  B- 
state  fluoresce  at  a  later  time  from  the  A-state  of  CH.  This 
effect,  previously  cuerved  in  atmospheric  pressure  flames,  can  be 
used  advantageously  to  eliminate  scattered  laser  light  from  the 
detection  of  CH.  Exciting  the  B-state  and  observing  the  A-state 
about  50  nm  away  could  eliminate  many  detection  problems  in  systems 
with  significant  particulate  scattering.  The  signal  profiles  for 
the  B-state  LIF  and  the  B-*A  transferred  emission  show  that  the 
relative  amount  of  electronic  energy  transfer  is  constant  throughout 
the  changing  collision  environment  across  the  flame.  All  flames 
studied  to  date  show  this  energy  transfer  effect. 
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Time-resolved  laser-induced  fluorescence  measurements  of  the  total  removal  rate  constants 
for  the  o'  *  0  vibrational  level  of  electronically  excited  states  of  the  NH  and  CH  radicals 
are  obtained  in  a  variety  of  low-pressure  (5  to  25  Torr)  flames.  The  NH(A1T1,)  removal  rate 
constants  are  examined  for  flames  containing  N,0  as  an  oxidizer  and  source  of  nitrogen.  The 
NH  fluorescence  quantum  yields  decrease  in  the  early  portion  of  the  flame  where  the  tem¬ 
perature  is  lower,  and  become  constant  farther  away  from  the  burner.  For  CH,  the  Bl‘ 
removal  rate  constant  is  about  70%  faster  than  that  of  the  A*A  in  several  hydrocarbon  /oxygen 
stoichiometric  flames;  both  rates  do  not  vary  significantly  from  flame  to  flame.  The  CH  re¬ 
moval  rate  constants  for  both  electronic  states  are  constant  or  show  a  slight  increase  from 
the  burner  surface  into  the  burnt  gases  for  all  the  flames.  Temperature  profiles  are  obtained 
using  excitation  scans  over  several  rotational  levels  for  CH  and  NH.  Upper  limits  and  es¬ 
timates  for  collider  specific  quenching  cross  sections  for  HfO,  Nt,  COj,  and  several  fuel 
species  are  extracted.  Colliskmal  energy  transfer  is  observed  from  the  B*E~  to  the  A’A  state 
of  Cii.  Quantitative  measurements  show  this  process  has  useful  diagnostic  applications. 


Introduction 

Laser-induced  fluorescence  (LIF)  is  the  most 
sensitive  and  selective  nonintrusive  technique  for 
the  detection  of  many  diatomic  radicals  in  flames.1 
LIF  is  generally  straightforward  to  apply  to  a  wide 
variety  of  combustion  environments,  fomishing  de¬ 
tailed  species  concentrations  to  help  unravel  com¬ 
plicated  chemistry  and  transport  phenomena.  Since 
its  inception,  however,  researchers  have  realized  that 
quantitative  LIF  concentration  measurements  are 
complicated  by  collisional  processes  that  occur  in 
the  excited  electronic  state.  Only  a  fraction  of  the 
molecules  excited  by  the  laser  fluoresce  and  are  de¬ 
tected,  the  rest  are  removed  by  collisions  (i.e., 
quenched).  Knowledge  of  this  fraction,  the  fluores¬ 
cence  quantum  yield  4>,  is  needed  to  relate  the 
measured  signals  to  the  desired  ground  state  radical 
concentrations.  Absolute  concentration  measure¬ 
ments  are  directly  impacted,  but  even  relative 
measurements  can  be  affected  under  conditions  of 
varying  major  species  concentration  and  tempera¬ 
ture.  One  approach3,4  attempts  to  minimize  the  ef¬ 
fects  of  collisions  by  using  a  high  laser  fluence  (sat¬ 
uration),  but  has  several  drawbacks  among  which 
are  the  difficulty  of  estimating  the  probed  volume4 
and  the  complexity  of  the  model  used  for  data  anal¬ 


ysis.  in  this  work,  we  attempt  to  understand  the 
collisional  effects  for  a  variety  of  conditions  in  suf¬ 
ficient  detail  to  provide  enough  insight  to  estimate 
4>  and  its  accuracy'  for  different  flame  conditions. 

We  examine  the  NH  and  CH  radicals  in  low- 
pressure  premixed  laminar  flat  flames  via  direct 
measurement  of  the  time  evolution  of  LIF  signals. 
There  are  significant  unanswered  questions  con¬ 
cerning  the  quantum  yields  of  these  frequently  ob¬ 
served  radicals.  This  was  pointed  out  in  a  study  in 
the  preceding  symposium,  in  which  estimates  of  4> 
under  typical  flame  conditions  were  attempted,  be¬ 
ginning  from  available  literature  on  bimolecular 
quenching  rate  constants.  Much  important  infor¬ 
mation,  particularly  the  temperature  dependence  of 
quenching  and  the  value  of  the  water  quenching 
cross  section,  are  lacking.  In  the  work  presented 
here,  results  on  total  removal  rate  constants,  as 
functions  of  position  in  the  flame  and  of  rotational 
level,  are  presented  for  both  radicals  in  several  dif¬ 
ferent  hydrocarbon  flames.  Importantly,  the  vari¬ 
ation  with  flame  position  is  smooth,  can  be  extrap¬ 
olated,  and  is  generally  understood.  Some 
information  on  collider-specific  quenching  rate  con¬ 
stants  is  obtained,  and  small  effects  of  rotational  level 
dependence  can  be  discerned.  Collisional  transfer 
between  two  excited  states  in  CH,  B2S"  — *  A2A, 
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is  observed  and  may  have  useful  diagnostic  appli¬ 
cations. 

Experimental  Approach 

The  apparatus  can  be  divided  into  three  parts: 
the  low-pressure  burner  system,  the  excitation  laser, 
and  the  fluorescence  detection  system.  Major  fea¬ 
tures  of  each  are  outlined  below;  a  complete  de¬ 
scription  can  be  found  in  Ref.  6. 

lire  burner  system  is  composed  of  a  vacuum 
chamber  with  electronic,  mechanical,  and  optical 
components  for  positioning  and  probing  the  flame. 
The  burner  is  a  flat-flame  porous-plug  McKenna 
design.  Flames  of  many  different  fuels  and  oxidiz¬ 
ers  are  burned  between  5  and  25  Torr  total  pres¬ 
sure. 

The  output  of  a  pulsed  exrimer-pumped  dye  laser 
(—15  ns,  —0.2  cm-1)  excites  the  radical  from  the 
ground  state  to  a  specific  quantum  level  in  the  ex¬ 
cited  electronic  state.  All  measurements  are  made 
on  the  c'  *  0  vibrational  level;  excitation  is  to 
NH(A3nj,  CHfB2!"),  or  CH(A2A)  at  336,  385,  and 
413  nm  respectively.  An  aperture  limits  the  beam 
diameter  to  less  than  1  mm.  Pulse  energies  be¬ 
tween  1  pj  and  1  mj  are  obtained  using  beam¬ 
splitters  and  attenuators.  A  laboratory  computer 
controls  the  laser  wavelength  and  records  the  sig¬ 
nal.  An  // 3  lens  collects  the  LIF  and  an  // 4  lens 
focuses  the  light  onto  a  filter  or  the  entrance  slit 
of  a  monochromator,  where  it  is  detected  by  a  pho¬ 
tomultiplier  whose  amplified  output  is  captured  us¬ 
ing  either  a  100  megasample  s'1  transient  digitizer 
or  a  boxcar  integrator,  averaging  between  30  and 
2000  laser  shots. 

The  wavelength  dependence  of  the  response  of 
the  detection  system  is  crucial  to  the  interpretation 
of  the  results.  LIF  populates  a  single  rotational  level 
N'  in  the  excited  state.  In  NH  and  CH,  like  OH, 
rotational  equilibration  is  not  achieved  prior  to 
quenching,  if  the  fluorescence  is  viewed  with  a 
narrow  band  detector  (SlO  nm)  rotational  energy 
transfer  to  levels  whose  fluorescence  is  not  viewed 
in  that  bandpass  can  be  a  significant  removal  mech¬ 
anism.7  If  all  rotational  levels  are  observed  with 
equal  sensitivity,  many  possible  complications  aris¬ 
ing  from  rotational  energy  transfer,  and  from  the 
rotational  level  dependence  of  both  the  radiative 
lifetime8  and  the  quenching  are  minimized.  All  re¬ 
sults  and  interpretations  are  based  upon  using  a  de¬ 
tection  system  with  a  flat  response  over  the  entire 
vibrational  band  monitored. 

The  decay  trace  following  excitation  of  a  single 
N'  appears  to  be  a  single  exponential,  but  is  ac¬ 
tually  composed  of  a  combination  of  many  expo¬ 
nentials  similar  in  magnitude.  We  fit  the  time-de- 
pendent  signals  from  90%  to  10%  of  the  peak  to  a 
single  exponential  to  obtain  a  decay  constant  t'1. 


which  is  the  sum  of  the  radiative  rate  and  a  colli- 
sional  removal  rate  Q.  The  single  exponential  fits 
and  the  experimental  data  agree  to  within  the  noise 
level  in  the  signal.6  Under  these  conditions,  some 
rotational  relaxation  has  occurred  and  the  values 
obtained  represent  the  behavior  of  the  distribution 
of  rotational  levels  following  excitation  of  N\  This 
distribution  strongly  peaks  near  the  initially  excited 
N'  as  can  be  seen  for  CH  from  fluorescence  scans 
under  steady-state  conditions  in  both  atmospheric 
pressure9  and  low-pressure10  flames,  and  is  true  for 
NH  as  well.  Subtracting  the  known  radiative  rate 
for  the  initially  excited  N'  from  the  measured  value 
of  t-1  yields  the  collisional  removal  rate  Q,  which 
when  divided  by  the  pressure  gives  the  total  re¬ 
moval  rate  constant  Jfc£  in  units  of  ps'1  Torr-1. 
When  converted  into  density  units  by  knowledge 
of  the  temperature,  these  rate  constants  furnish 
quenching  rate  constants  kp  in  units  of  cm3  s'1, 
which  can  be  divided  by  the  average  collision  ve¬ 
locity  to  give  quenching  cross  sections  Oq (Icq  = 

<C>Oq). 

Profiles  of  radical  concentrations  as  a  function  of 
height  above  the  burner  are  obtained  using  the 
boxcar  integrator.  The  laser  wavelength  is  set  to  a 
transition  originating  from  a  rotational  level  whose 
relative  population  does  not  change  significantly  over 
the  temperature  region  sampled;  in  CH  this  is  R2(7) 
for  the  B-state  and  P(7)  (overlap  of  two  lines)  for 
the  A-state,  and  in  NH  P;j(8).  The  burner  is  scanned 
using  a  dc  motor  and  the  position  read  via  a  po¬ 
tentiometer  attached  to  the  drive  mechanism. 

Precise  knowledge  of  the  temperature  is  impor¬ 
tant  for  the  interpretation  of  the  LIF  profiles  and 
the  quenching  data.  It  is  determined  at  a  given 
burner  position  through  unsaturated  excitation  scan 
spectra  which  are  fit  directly  to  a  single  tempera¬ 
ture  parameter.  In  NH  we  scan  the  very  congested 
Q-branch  region.  It  contains  many  lines  of  high  and 
low  N"  in  a  small  wavelength  range.  For  CH  A- 
state  excitation,  we  scan  the  Q-  and  R-branches  and 
for  CH  B-state  only  the  R-branches.  Excitation  scans 
have  also  been  taken  with  CN  and  with  OH.  In 
most  cases  the  temperatures  agree  to  about  ±200 
K.  Further  details  on  the  temperature  measure¬ 
ments,  including  a  discussion  of  sources  of  error, 
can  be  found  in  Ref.  11. 

Quenching  of  NH(A3I1,) 

Prior  to  this  investigation,  <t>  for  NH  in  flames 
was  estimated3  from  quenching  data  at  room 
temperature12'13  and  at  1400  K.14  The  higher  tem¬ 
perature  study,  using  laser  pyrolysis /laser  fluores¬ 
cence  (LP/LF),  provides  the  best  guide  for  flame 
estimates.  However,  the  list  of  colliders  investi¬ 
gated  did  not  include  the  important  rapid  quencher 
HjO  or  hydrocarbons  with  more  than  one  carbon. 
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The  effect  of  these  species  could  only  be  estimated 
by  analogy  with  the  behavior  of  other  similar  col¬ 
liders,  and  die  more  extensive  studies  on  OH.  Here, 
we  measure  the  time  dependence  of  the  NH  LiF 
in  flamei  of  hydrogen  and  various  hydrocarbons 
burning  in  NjO  near  14  Tore  and  fuel  equivalence 
ratios  4  —  1. 

Figure  1  shows  the  data  obtained  in  a  Hj/NjO 
flame.  The  diamonds  show  the  position  dependence 
of  the  decay  constant  t'1  while  the  boxes  denote 
the  temperature;  the  bottom  portion  displays  the 
NH  LIF  intensity.  As  the  temperature  increases 
from  about  1000  K  at  1.5  mm  to  over  2200  K  near 
9  mm.  the  decay  constant  decreases,  largely  due  to 
the  corresponding  decrease  in  the  density.  This 
corresponds  to  a  slight  increase  in  <t>.  0.19  at  the 
point  nearest  the  burner  to  0.22  in  the  burnt  gases 
(420  ns  radiative  lifetime).  The  rate  constant  to  has 
increased,  from  0.7  to  1.3  x  10~10  cm3  s  ,  an 
amount  slightly  more  than  the  increase  in  the  col¬ 
lision  velocity,  indicating  that  the  average  cross  sec¬ 
tion  Oq  has  increased  as  well.  This  likely  reflects 
the  dunging  composition  of  the  flame  gases  over 
this  spatial  region. 

The  flames  we  investigate  containing  NH  all  use 
NsO  as  the  oxidant  and  the  fuels  Ha,  CH*.  CjHg, 
C2H4,  and  C2H2  at  13.8  -  0.3  Tore  and  $  near  1. 
Figure  2  summarizes  the  &q  dependence  on  tem¬ 
perature.  which  is  estimated  from  the  measured 
temperature  profiles  at  the  position  where  the  de¬ 
cay  constants  are  obtained.  In  the  different  flames 


FlC.  1.  Summary  of  NH  data  obtained  in  a  13.8 
Tore,  <t>  «  0.95.  H,/NtO  flame.  The  bottom  curve 
is  the  NH  LIF  signal  as  a  function  of  height  above 
the  burner  following  excitation  of  the  A*I1,  -  X*1 
(0,0)  Pj(8)  rotational  line.  The  increase  near  the 
burner  surface  is  due  to  laser  light  scattered  off  the 
burner  surface  The  boxes  illustrate  the  NH  rota¬ 
tional  temperatures  (right  vertical  axis)  and  the  dia¬ 
monds  the  fluorescence  decay  constants  (left  verti¬ 
cal  axis)  as  functions  of  position.  The  dashed  lines 
have  been  added  to  guide  the  eye  through  the  ex¬ 
periments!  dats  points. 
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FlC.  2.  Temperature  dependence  of  the  NH(A*nj 
total  quenching  rate  constants  for  several  flames. 
The  oxidizer  in  all  cases  is  N*0  and  the  fuel  equiv¬ 
alence  ratios  are  0.95,  1.04,  1.01,  1.06,  and  1.04 
for  H|,  CH«,  CjHt.  C,H4,  and  CtHt,  respectively. 
The  open  symbols  show  the  experimental  data  points 
wLile  the  closed  symbols  show  the  calculated  rate 
constants  from  the  cross  sections  given  in  Ref.  14 
(see  text).  The  rate  constants  at  a  particular  tem¬ 
perature  are  recorded  at  different  positions  in  the 
different  flames  and  therefore  under  different  col- 
bson  environments. 


these  positions  can  correspond  to  very  different  col¬ 
lision  environments.  However,  the  rate  constants  in 
the  hydrocarbon  flames  are  remarkably  similar, 
varying  only  about  10%  from  flame  to  flame.  Note 
that  kq  in  the  Hx/NjO  flame  are  10%  to  30%  foster 
than  those  at  the  same  temperature  in  the  hydro¬ 
carbon  flames,  save  for  C2H(  near  die  burner. 

We  can  compare  the  results  for  the  Hs  and  CH« 
flames  with  kq  calculated  from  the  cross  sections  of 
Ref.  14.  There,  Oq  for  Hs,  NjO  and  CH«  were  de¬ 
termined  to  be  4.5,  2.8  and  7.8  A*,  respectively, 
at  1400  K  Fortunately,  this  temperature  is  similar 
to  those  for  the  flame  data  taken  closest  to  the 
burner.  At  this  point,  some  reaction  of  the  fuel  and 
oxidizer  has  occurred,  and  a  small  amount  of  water 
and  nitrogen  is  present  due  to  diffusion  back  to  the 
burner  surface.  However,  in  order  to  estimate 
quenching  rates  from  the  1400  K  Oq,  we  ignore 
these  processes  and  assume  that  the  fuel  and  oxi¬ 
dizer  concentrations  can  be  approximated  by  the 
initial  values  and  use  the  oq  directly.  To  gauge  this 
assumption,  we  examine  the  results  of  a  computer 
model1516  and  experimental  measurements17  for  low- 
pressure  H2/N2O  flames.  (Results  for  such  flames 
at  atmospheric  pressure18  are  inapplicable  because 
of  different  conditions.)  We  do  find  partial  decom¬ 
position  but  note  that  the  to  results  in  Fig.  2  vary 
smoothly  and  only  little  at  low  temperatures.  The 
calculated  for  the  H2  and  CH4  flames  are  shown 
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TABLE  I 

Cross  sections  for  NH  and  CH  quenching 
at  high  temperatures 


in  Fig.  2  as  die  solid  box  and  solid  urde.  in  the 
H2  case,  kq  is  overestimated  by  20%,  while  that 
tor  CH«  is  only  slightly  lower  than  measured.  This 
agreement,  together  with  the  smooth  variation  of 
kq  in  this  region,  suggests  that  we  can  describe  NH 
quenching  in  the  cooler  regions  of  these  two  flames. 

Thus  encouraged,  we  use  the  experimental  kq  to 
estimate  the  approximate  magnitude  of  the  quench¬ 
ing  cross  sections  for  the  other  fuel  species.  In  the 
CH*  flame,  about  half  the  quenching  is  by  N*0  and 
the  rest  is  by  the  CH,.  Assuming  the  same  amount 
of  fuel  and  oxidizer  reaction  and  diffusion  at  the 
first  appearance  of  NH  near  1600  K  for  all  the 
flames,  we  estimate  a  cross  section  for  C*H2  that 
is  1-3  times  that  of  CH4  and  those  for  CjH4  and 
G;H8  arc  2-5  times  that  of  CH*.  The  trends  agree 
with  results  on  NH  at  room  temperature1*  and  ex¬ 
pectations  based  on  quenching  of  OH  by  hydro¬ 
carbons.10 

Perhaps  the  most  important  unknown  quenching 
cross  section  is  that  for  H20  From  our  data  we  can 
currently  generate  a  reasonable  upper  limit.  (Fur¬ 
ther  measurements  and  detailed  flame  modeling  are 
needed  for  a  more  accurate  value.)  The  limit  is  ob¬ 
tained  as  follows.  We  follow  kq  as  for  into  the  burnt 
gases  of  the  H2/N20  flame  as  possible.  If  the  com¬ 
bustion  were  complete  we  would  have  about  50% 
H20  and  50%  No,  but  we  know  from  preliminary 
modeling  studies16  that  this  is  not  the  case.  The 
flame  contains  unburnt  fuel,  radicals  such  as  H,  O, 
and  OH,  and  NO  at  the  highest  point  where  we 
can  measure  NH.  From  Refs  12  and  14  we  know 
that  N2  quenching  is  so  slow  that  for  this  purpose 
it  can  be  set  to  zero.  For  the  other  species,  the  Oq 
are  unknown,  however,  assuming  they  also  do  not 
contribute  leads  to  an  upper  limit  for  H20  The 
minimum  possible  H20  mole  fraction  in  this  region 
of  the  flame14  is  about  30%.  Using  this  concentra¬ 
tion  yields  the  value  ctq(HjO)  £  17  A2  at  2200  K. 
This  upper  limit  is  consistent  with  a  combination  of 
room  temperature13  and  LP/LF14  results  for  the 
polar  colliders  water  and  ammonia:  at  300  K,  <Tq(N' 
*  7)  for  HjO  is  about  35  A2,  half  the  value  of  65 
A2  for  NH3,  while  at  1400  K,  <r0  -  26  A2  for  NH3. 
Thus  with  our  estimations  of  the  flame  temperature 
hydrocarbon  and  water  cross  sections,  a  consistent 
set  of  values  for  NH  quenching  contained  in  Table 
1  is  emerging. 

The  rotational  level  dependence  of  kq  has  also 
been  examined  in  several  flames,  at  the  peak  of  the 
NH  concentration  where  the  signal  is  largest.  Ex¬ 
periments  at  room  temperature,  both  NH  emission 
following  pbotodissociation  of  NH312  and  direct  L1F 
decay,  “i have  shown  that  aq  depends  on  N’.  Here, 
the  initial  N'  is  varied  between  2  and  16  Recall 
that  some  rotational  energy  transfer  occurs,  so  the 
signal  is  actually  a  sum  of  exponentials  with  slightly 
different  decay  constants,  however,  the  results  real¬ 
istically  represent  the  N' -specific  dependence.  In 


NH(ATL) 
oiA*)  T(K) 

CH(A‘A) 

<r(A*) 

CH(B*1-) 
«r(A*)  T(K) 

N, 

<0.1*  1400 

1.4k 

1300 

<3f 

<4*  1800 

CO, 

1.2*  1400 

2.1k 

1300 

<4* 

<4*  1800 

HtO 

<1 T  2200 

<13* 

<ir  1200 

‘Results  of  Ref.  14. 

Results  of  Ref.  24. 

‘Upper  limits  from  this  work. 


the  H2/N20,  C3Hg/N20,  and  CH4/N20  flames 
we  find  a  consistent,  albeit  small,  decrease  in  oq 
with  increasing  rotation,  ranging  from  3  to  8%  from 
N'  «=  2  to  12. 

This  rotational  level  dependence  is  too  small  to 
have  meaningful  implications  for  concentration 
measurements,  but  can  affect  LIF  temperature  de¬ 
terminations.11  Levels  with  higher  N'  five  longer 
due  to  the  slower  quenching  and  longer  radiative 
lifetime.8  (The  ratio  determines  the  overall  quan¬ 
tum  yield  4>,  which  increases  slightly  with  S'  in 
these  flames.)  A  narrow  gate  on  the  peak  of  the 
signal  can  be  used  under  low-pressure  conditions 
where  the  time  dependence  of  the  decay  is  re¬ 
solved  to  avoid  effects  of  the  rotational  relaxation, 
but  at  high  pressures  such  time  resolution  is  not 
possible.  In  our  flames,  the  variation  from  N'  =  2 
to  12  is  typically  only  5%  The  effect  on  the  tem¬ 
perature  determination  is  investigated  by  a  simple 
calculation  assuming  all  of  tbe  fluorescence  is  de¬ 
tected  by  a  wide  boxcar  gate.  We  find  that  a  5% 
variation  corresponds  to  a  systematic  temperature 
error  of  120  K  at  1800  K,  enough  to  render  ques¬ 
tionable  some  detailed  comparisons  with  flame 
chemistry  models.  Consequently,  the  effects  of  ro¬ 
tational  level  dependent  quenching  on  excitation  scan 
temperature  determinations  in  NH  cannot  be  com¬ 
pletely  ignored. 

We  can  summarize  these  results  for  quantum 
yields  in  the  A3rij  state  of  NH.  This  radical  is 
quenched  more  slowly  than  CII  (see  below)  or  OH15 
in  flames,  and  4>  is  some  50  to  100%  larger.  As  a 
guide,  we  recommend  that  a  genera)  value  for  the 
quenching  rate  constant  of  1  x  10" 10  cm3  s"1  should 
be  used  to  extract  tbe  absolute  concentration  in  N20- 
based  flames  with  <f>  near  unity.  All  of  the  mea¬ 
surements  we  performed  clustered  between  ±30% 
of  this  value.  Interestingly,  tbe  values  near  the  peak 
of  the  NH  concentration  have  significantly  less  vari¬ 
ation.  Within  25%  of  the  peak,  the  kq  differ  only 
by  10%  from  flame  to  flame.  We  are  encouraged 
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that  the  collider-specific  rate  constants  describe 
quenching  in  the  H2  and  CH*  flames  realistically. 
From  information  on  other  collider-specific  CTq,  we 
expect  richer  flames  to  have  slightly  faster  rate  con¬ 
stants  and  leaner  flames  slightly  slower.  Flames  of 
N20  diluted  by  N2  should  have  slower  quenching 
in  that  the  N2  diluent  causes  no  quenching.  In 
flames  containing  NH3  and  02<  NH  should  be 
quenched  slightly  faster  since  both  of  these  mole¬ 
cules  have  large  On.12-14  Such  differences  perhaps 
account  for  as  muen  as,  but  no  more  than,  a  two¬ 
fold  difference  in  $  and  thus  the  absolute  concen¬ 
tration.  Differences  appear  to  be  greater  at  low  NH 
values  compared  to  the  signal  maximum  (see  Fig. 
2). 

Quenching  of  CH  A*A  and  B*Z~ 

In  the  CH  radical  there  are  three  different  elec¬ 
tronically  excited  states  which  can  be  conveniently 
accessed  by  LIF  in  flames.  The  origin  of  the  elec¬ 
tronic  transitions  to  the  A*A,  B*2~,  and  lie 

431,  385  and  314  nm,  respectively.  (The  Cs2'> 
predissociates  so  rapidly  that  direct  time  resolved 
measurements  on  this  state  are  beyond  the  capa¬ 
bilities  of  our  detection  system.)  The  time  evolution 
of  the  A2A  state  has  been  observed  in  low-pressure 
acetylene/oxygen21  and  methane/oxygen22  flames, 
however,  the  time  evolution  of  the  B22~  state  has 
not  been  previously  investigated. 

Here  we  study  both  states  in  flair.es  of  CH*, 
C3H8,  and  CjH2  burning  in  02  and  in  H2/02  flames 
seeded  with  10%  methane  to  produce  the  radical. 
The  A2A  state  is  also  investigated  in  CjHs  burning 
in  NjO  flames,  but  intense  flame  emission  in  the 
B-X  system  of  the  CN  radical  interfered  with  the 
CH  B-X  LIF,  preventing  a  study  of  the  B22"  state 
in  that  flame  For  CH,  the  rate  constants  are  ob¬ 
tained  from  the  slope  of  the  pressure  dependence 
of  the  quenching  decay  constants,  measured  at  the 
peaks  of  the  CH  signal;  the  intercepts  correspond 
to  the  radiative  rates.  Data  for  five  different  flames 
are  shown  in  Fig.  3. 

We  consider  first  the  results  for  the  A2A  state. 
The  decay  constants  in  all  the  hydrocarbon /oxygen 
flames  have  a  simi’  pressure  dependence,  whereas 
those  for  the  propane  /nitrous  oxide  flame  are 
somewhat  lower,  and  those  for  the  hydrogen /ox¬ 
ygen  flame  seeded  with  10%  methane  higher.  These 
differences  could  be  due  either  to  differences  in 
temperature  or  composition  at  the  position  of  the 
CH  signal  maxima  The  H2/02  flame  is  coolest  and 
C3Hs/N20  is  hottest,  with  highest  and  lowest  den¬ 
sity,  respectively.  However,  there  is  also  more  H20 
(a  good  quencher)  in  the  former  fk  ->e  and  more  of 
the  poor  "quencher  N2  in  the  latter.  The  data  of  Fig. 
3  are  not  sufficient  to  distinguish  which  is  more  im¬ 
portant  An  average  Icq  for  CH(A2A)  quenching  in 


Fic.  3.  Pressure  dependence  of  the  decay  con¬ 
stants  for  (a)  CH  (A*A)  and  (b)  CH  (B*2')  quench¬ 
ing  in  the  following  flames:  O,  Hj/O,  seeded  with 
CH,-.  ■.  CH,/Os  4  =  L  □.  CH,/Oa  *  =  0.66,  8. 
CH,/Os  *  =  12,  A,  C,H2/0,  4  =  1;  A.  C,H,/ 
Ot  4  *  I;#  ,  CjH,/NjO  4*1.  The  slopes  of  the 
linear  least-squares  fits  to  the  data  for  the  CH,. 
C,Ha,  and  CjH,/02  4  =  1  flames  give  the  quench¬ 
ing  rate  constants  k q  and  the  intercepts  correspond 
to  the  radiative  rates. 

all  the  hydrocarbon /02  flames  is  obtained  from  the 
slope  of  a  linear  least-squares  fit  to  the  CH*/02, 
C3Hg/02,  and  C$H2/02  flame  data.  The  result  is 
0.77  ±  0.04  ps~’  Torr"1;  using  an  average  flame 
temperature  of  800  K,  we  calculate  a  rate  constant 
of  1.4  x  10'10  cm3  s'1. 

Situ.lar  results  have  been  obtained  for  the  B22 
state  in  the  oxygen-based  flames  From  the  slope 
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of  the  pressure  dependence  plot  we  obtain  a  rate 
constant  of  1.3  ±  0.14  ps-1  Tott'1  or,  using  a  flame 
temperature  of  1800  K,  2.5  x  10" 10  cm3  s'1.  Thus, 
under  identical  flame  conditions,  the  B-state  of  CH 
is  quenched  about  70%  faster  than  the  A-state.  This 
is  in  accord  with  the  implications  of  results  of  mul¬ 
tiphoton  ionization  of  CH  in  flames,  using  the  A- 
and  B -states  as  resonant  intermediates,23  and  with 
atmospheric  pressure  flame  measurements  of  en¬ 
ergy  transfer  processes.® 

The  quenching  for  both  states  as  a  function  of 
position  in  the  CH4/02  flame  is  displayed  in  Fig. 
4.  These  data  are  representative  for  this  flame,  but 
for  the  propane  and  acetylene  flames  the  decay 
constants  are  unchanging  across  the  entire  profile. 
(This  stands  in  marked  contrast  to  the  results  pre¬ 
viously  described  for  NH,  Fig.  1.)  Because  the 
temperature  change  across  the  flame  leads  to  a 
density'  decrease,  this  means  that  the  quenching 
cross  section  must  be  increasing  with  increasing 
temperature.  This  also  contrasts  with  results  for  both 
OH  and  NH,  but  is  in  accord  with  collider-specific 
measurements  on  CH(A2A).  For  four  colliders  com¬ 
mon  to  both  studies,  Oq  measured  with  LP /LF  at 
1300  K34  were  larger  than  those  measured  in  a 
photodissociation  /emission  experiment  at  300  K.25 

From  the  data  in  the  H2/02  flame  at  the  peak 
CH  signal,  we  obtain  upper  limits  for  the  H2O 
quenching  in  both  the  A-  and  the  B-$tates.  The 
reasoning  is  similar  to  that  used  for  NH.  We  as¬ 
sume  all  the  other  species  present  have  a  zero 
quenching  rate  and  that  H20  makes  up  40-50%  of 


Haigtu  Above  Burner  (mm) 

Fig  4  Position  dependence  of  the  CH  (A*A)  and 
(B*2  ' )  quenching  rate  constants  for  a  methane  /ox¬ 
ygen  flame.  The  lower  trace  is  the  CH  ground  state 
relative  concentration  profile.  The  different  symbols 
for  the  quenching  data  indicate  data  taken  on  dif¬ 
ferent  days  The  lines  are  linear  least-squares  fits 
to  the  data 


the  total  gases.  This  leads  to  upper  limits  on  the 
HjO  quenching  cross  sections  of  13  and  16  A2  for 
the  A-  and  B-state  respectively. 

Upper  limits  for  the  contributions  of  Nj  and  C02 
to  the  quenching  are  estimated  by  adding  known 
amounts  of  each  gas  to  a  propane  and  oxygen  flame 
gas  mixture.  Addition  of  the  gas  may  cool  off  the 
flame,  but  we  did  not  measure  the  temperature  for 
each  flame  composition.  The  greatest  effect  will  be 
seen  for  a  constant  temperature  flame.  For  both 
gases,  we  see  that  the  quenching  at  the  peak  CH 
signal  decreases  significantly  with  each  further  ad¬ 
dition.  The  change  is  due  to  the  addition  of  a  less 
efficient  quencher,  but  counterbalanced  somewhat 
by  the  increase  in  density  by  cooling.  The  addition 
of  C02  may  also  influence  the  flame  chemistry.  Ex¬ 
trapolation  of  the  measured  quenching  rate  con¬ 
stants  to  100%  added  N2  or  C02  gives  an  upper 
limit  to  the  rate  constants  for  quenching  by  each 
gas.  Cross  sections  derived  from  these  limits  using 
a  temperature  of  1800  K  are  og  <  3  A2  and  <  4 
A2  for  N2  for  the  A-  and  B-state,  respectively,  and 
og  <  4  A2  for  C02  for  both  states.  The  A-state 
cross  sections  are  larger  than  those  measured24  at 
1300  K  cr0  is  1.4  A2  and  2.1  A2  for  N2  and  C02. 
No  collider  specific  quenching  cross  sections  are 
available  for  comparison  for  the  B-state.  Table  1 
summarizes  all  of  the  high  temperature  cross  sec¬ 
tions. 

We  can  use  the  collider-specific  cross  sections  to 
calculate  quenching  rates  for  comparison  with  the 
other  reported  direct  decay  measurements  on  A2A 
in  low-pressure  flames.  (Disagreement  of  nearly  a 
factor  of  two  in  a  similar  comparison  in  Ref.  5  was 
attributed  to  the  estimate  of  <tq(H20)  used  there, 
23  A2,  being  too  large  )  In  a  CH4/02  flame  at  20 
Torr,  kg  «  C  8  pa-1  Torr-1  was  measured,22  agree¬ 
ing  with  our  experimental  value  of  0.77  pa-1  Torr"1. 
Using  reported  major  species  concentrations,  the 
upper  limit  for  Oq  of  H20,  and  the  Og  for  CO, 
C02  and  02  from  Ref.  14,  we  calculate  0.91  pa-1 
Torr-1.  In  a  C2H2  flame  at  10  Torr,21  kg  =  1.0 
pa-1  Torr-1.  Our  measured  value  is  0.77  in  a 
somewhat  leaner  flame;  the  calculated  result  is  also 
0.8  p-s-1  Torr-1. 

For  CH  there  is  also  a  rotational  level  depen¬ 
dence  of  the  quenching  rate  constant.  The  decay 
constants  at  the  peak  of  the  CH  signal  are  mea¬ 
sured  as  a  function  of  N”.  In  the  CH4/02  flame, 
there  is  no  dependence  (within  ±5%)  as  N’  varies 
from  2  to  12.  In  the  C3Hg/02  flame,  kg  decreases 
16  and  18%  for  the  A-  and  B-states  over  the  same 
range  of  N’;  in  C2H2/02  the  respective  decreases 
for  A  and  B  were  9  and  18%.  This  variation  can 
affect  temperature  measurements11  in  the  same  way 
as  for  NH,  although  the  effects  are  more  severe. 
Calculations  such  as  those  described  for  NH  indi¬ 
cate  a  similar  amount  of  error  for  the  same  degree 
of  rotational  level  dependence  of  the  quenching.  For 
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CH,  there  are  no  meaningful  effects  in  the  meth¬ 
ane  flame,  but  in  the  propane  and  acetylene  flames, 
errors  of  200  to  400  K  at  2000  K  can  result.  The 
direction  is  the  same,  that  is,  the  apparent  tem¬ 
peratures  are  larger  than  the  actual  due  to  the  in¬ 
creased  signal  when  exciting  high  rotational  levels. 

Quantitative  LIF  measurements  of  the  CH  rad¬ 
ical  using  either  the  A-  or  B-state  thus  turns  out  to 
be  easier  than  initially  anticipated.  This  is  due  to 
the  fact  that  the  time  decay  of  the  emission  does 
not  change  significantly  over  the  entire  region  of 
the  flame  where  the  CH  is  present  in  detectable 
quantities.  This  is  especially  important  in  two-di¬ 
mensional  LIF  imaging  of  the  CH  radical,16  for  the 
intensity  pattern  may  then  be  directly  equated  to 
a  map  of  relative  ground  state  CH  concentration. 
From  the  measurements  of  the  rate  constants  for 
the  electronic  quenching,  we  can  estimate  fluores¬ 
cence  quantum  yields  for  the  excitation  of  the  two 
states.  The  B-state  of  CH  quenches  more  rapidly 
than  the  A-state,  but  its  radiative  lifetime  is  shorter, 
at  about  340  ns  compared  to  the  A-state  radiative 
lifetime  of  about  540  ns.  The  two  effects  almost 
cancel,  giving  essentially  the  same  fluorescence 
quantum  yield  upon  excitation  of  either  state.  The 
selection  of  the  excitation  transition  will  therefore 
depend  only  on  the  excitation  laser  and  the  detec¬ 
tion  system. 


CH  B*2~  —*  A*A  Electronic  Energy  Transfer 

When  the  B22~  state  of  CH  is  collisionally 
quenched,  some  of  the  molecules  are  transferred  to 
the  A2A  state  from  which  they  then  emit.  If  the 
quantum  yield  for  this  particular  process  can  be  es¬ 
timated  accurately,  this  electronic  energy  transfer 
could  be  exploited  as  a  useful  monitor  of  CH  rad¬ 
icals.  Excitation  of  B  and  observation  of  emission 
from  A  could  avoid  interferences  from  other  flu- 
orescers  and  scattered  light,  .especially  where  par¬ 
ticulates  are  present.  (A  similar  scheme  involving 
excitation  of  the  C22*  state  and  observation  of 
emission  from  B  and  A  was  studied  earlier27  as  a 
means  of  detecting  OH  and  CH  with  the  same  laser.) 

Electronic  energy  transfer  from  the  B22‘  state 
of  CH  to  the  A2A  state  has  been  observed  in  at¬ 
mospheric  pressure  flames8  but  only  under  steady 
state  conditions  and  averaged  over  all  of  the  flame 
front.  Here  we  have  spatially  resolved  the  signals 
to  investigate  the  dependence  of  this  energy  trans¬ 
fer  for  different  flame  conditions.  Figure  5  shows 
the  profile  of  the  directly  observed  B  — *  X  LIF 
together  with  the  profile  of  the  collision-induced  A 
— *  X  emission  following  excitation  of  the  B-state  in 
a  CaHg/Oj  flame.  The  profiles  are  very  similar  even 
though  the  flame  gas  composition  and  temperature 
are  changing  This  strongly  suggests  that  many  col¬ 
lision  partners  cause  this  electronic  energy  transfer 


Fic.  5.  CH  (Bl*)  LIF  and  CH  (A*A)  collision-in¬ 
duced  emission  profiles  in  a  propane /oxygen  flame. 
Both  traces  are  obtained  using  excitation  of  the 
B-XR,(7)  transition.  The  upper  curve  is  the  CH  B-X 
LIF  profile  obtained  from  observation  of  the  B-X 
band.  The  increase  at  small  height  is  from  laser 
scatter  off  the  burner  surface.  Observation  of  the 
A-X  band  under  the  same  excitation  conditions  yields 
the  lower  curve,  evidence  for  the  collisional  trans¬ 
fer  of  CH  B-state  molecules  to  the  CH  A-state. 

with  approximately  equal  efficiency,  and  with  little 
temperature  dependence.  Similar  results  are  found 
for  all  the  hydrocarbon  /oxygen  flames.  Direct  ob¬ 
servation  of  the  time  dependence  of  the  A  — *  X 
emission  following  excitation  of  the  B-state28  con¬ 
firms  this  collisional  population  mechanism,  in  that 
the  A  — ►  X  signal  rises  with  a  rate  characteristic  of 
the  disappearance  of  the  B-state,  and  decays  at  a 
slower  rate  corresponding  to  the  slower  A-state 
quenching.  From  Ref.  9,  20%  of  the  collisionally 
quenched  B-state  CH  molecules  are  transferred  to 
the  A-state;  our  results  are  consistent  with  that 
measurement. 

The  similarity  of  the  profiles  in  Fig.  5,  and  cor¬ 
responding  data  for  other  {lames,  suggests  that  the 
B  — »  A  transfer  can  be  used  accurately  as  a  monitor 
of  CH.  The  rate  of  this  process,  like  the  overall 
quenching  rates  of  both  states,  does  not  vary  greatly 
with  flame  composition  or  temperature,  making  its 
use  in  imaging  experiments  an  attractive  possibility. 
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COMMENTS 


L.  A  Melton,  Unit,  of  Texas,  USA  The  total 
quench  rates  you  have  shown  vary  slowly  as  a  func¬ 
tion  of  position  in  the  (lame.  Is  this  a  result  of  all 
flame  species  having  roughly  the  same  quench  rates 
or  of  fortuitous  averaging? 


Author's  Reply.  The  major  species  in  the  flame 
have  very  different  quenching  rate  constants  for  both 
CH  and  NH.  For  example,  water  and  propane  are 
efficient  quenchers  while  nitrogen  is  inefficient  for 
both  radicals  (see  Table  I  for  values  for  Ns.  H,0, 
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and  COj).  Also,  the  temperature  (i.e.,  the  density) 
is  increasing  with  height  above  the  burner,  result¬ 
ing  in  changes  in  the  collision  frequency. 

The  major  species  concentration,  quenching  rate 
constants  and  temperature  all  affect  the  observed 
fluorescence  decay.  However,  in  general,  the  decay 
constant  changes  only  slightly  with  height,  indicat¬ 
ing  that  a  fortuitous  averaging  must  be  occurring. 
In  most  flames  the  relatively  efficient  quenching  of 
the  fuel  molecules  near  the  burner  surface  is  com¬ 
pensated  by  the  buildup  of  the  combustion  product 
water  further  from  the  burner.  The  small  changes 
in  the  total  decay  constant  mask  the  dramatic 
changes  in  the  contributions  from  individual  major 
species. 


K.  Schofield.  Unit,  of  California.  USA.  As  sci¬ 
entists  we  become  obsessed  with  making  measure¬ 
ments  with  as  much  care  and  minimal  errors  as 
possible.  However,  it  is  always  worthwhile  to  re¬ 
member  that  flames  generally  are  not  a  media  for 
such  accurate  measurements.  Moreover,  results  often 
are  obtained  for  species  concentrations  that  change 
by  many  orders  of  magnitude  and  even  a  factor  of 
two  becomes  quite  minor  when  plotted  on  a  loga¬ 
rithmic  concentration  scale.  As  a  result  of  your  work 
and  others  it  appears  now  that  flame  electronic 
quenching  does  not  vary  significantly  between  sim¬ 
ilar  type  flames  or  throughout  a  flame  for  numerous 
species.  In  many  cases,  ignoring  quench  variations 
totally,  or  not  invoking  the  other  experimental 
techniques  devised  to  minimize  such  variations,  be¬ 
comes  a  significant  possibility  for  many  applications 
especially  those  aimed  at  trying  to  resolve  flame 
chemistry  or  test  kinetic  models.  It  might  be  useful 
to  compare  your  fully  corrected  data  with  that  re¬ 
sulting  solely  from  the  case  in  which  the  raw  flu¬ 
orescence  data  are  adjusted  solely  for  the  temper¬ 


ature  effects  on  the  pumped  level  densities.  This 
would  indicate  the  possible  magni tides  of  error  which 
might  be  quite  acceptable  for  certain  applications. 

Author  e  Reply.  For  many  minor  species  concen¬ 
tration  measurements  in  a  flame,  this  factor  of  two 
accuracy  for  a  given  radical  is  adequate  to  leant  more 
about  flame  chemistry  and  test  kinetic  models.  For 
example,  a  great  deal  of  chemical  insight  can  often 
be  obtained  by  examining  the  region  or  slope  of  the 
concentration  profile  of  one  reactive  intermediate 
compared  to  another.  However,  for  comparison  with 
quantitative  computer  models  of  the  flame  chem¬ 
istry,  temperature  must  be  determined  accurately. 
Changes  of  ±100  K  (<10% )  can  drastically  alter  the 
chemistry  and  minor  species  concentrations  at  a 
given  point.  A  determination  with  a  systematic 
temperature  error  of  this  degree  can  preclude 
meaningful  comparison  with  models.  Understand¬ 
ing  the  interplay  between  temperature  and  minor 
species  concentrations  is  important  in  determining 
the  level  of  accuracy  required  for  both. 

For  a  particular  excited  state  of  a  given  radical 
(OH,  CH,  and  NH)  we  find  the  fluorescence  quan¬ 
tum  yields  vary  at  most  ±50%  from  flame  to  flame 
and  with  position.  The  largest  deviations  appear  in 
regions  of  relatively  low  concentrations.  Differences 
between  one  radical  and  another  can  be  much 
greater,  for  example,  the  quantum  yield  for  NH  is 
about  5  times  greater  than  that  for  OH.  In  most 
cases,  a  difference  of  this  magnitude  would  be  sig¬ 
nificant,  and  one  must  know  the  value  for  each  spe¬ 
cies. 

As  with  most  scientific  investigations,  the  re¬ 
searchers  must  determine  what  is  the  accuracy  re¬ 
quired  to  answer  the  important  fundamental  or 
practical  questions.  With  our  current  knowledge  of 
the  quenching  of  diatomic  hydride  radicals  we  can 
estimate  the  quantum  yield  to  a  factor  of  two  under 
almost  all  experimental  conditions. 
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TIME-RESOLVED  CH  (A*  A  AND  B2  X")  LASER-INDUCED 
FLUORESCENCE  IN  LOW  PRESSURE  HYDROCARBON 

FLAMES 
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Time-resolved  CH  (A2 A  and  B2^-)  laser-induced  fluorescence 
in  low  pressure  hydrocarbon  flames 

Karen  J.  Rensberger,  Mark  J.  Dyer,  and  Richard  A.  Copeland 


Total  collisions)  removal  rate  constants  for  the  CH  Aih  and  B-2~  electronic  states  are  obtained  in  low 
pressure  «20-Torr)  hydrocarbon  flames.  The  B  state  is  consistently  removed  —70%  faster  than  the  A  state. 
Variations  of  ±50%  are  observed  for  different  rotational  levels  and  positions  in  the  flame.  For  these  flames, 
A-state  emission  following  excitation  of  the  B  state  indicates  a  rapid  electronic-to-electronic  energy  transfer 
pathway  that  is  insensitive  to  collision  environment.  Upper  limits  to  the  collider  specific  cross  sections  are 
obtained  for  H2O,  N2,  and  CO2.  The  CH  concentration  and  temperature  profiles  are  measured  and  parame¬ 
trized  using  a  unique  method. 


I.  Introduction 

Laser-induced  fluorescence  (LIF)  is  a  sensitive,  se¬ 
lective,  and  nonintrusive  spectroscopic  diagnostic 
technique  for  the  detection  of  minor  species  in  flames.1 
Radical  intermediates  present  at  relatively  low  con¬ 
centration  (ppm)  but  with  easily  accessible  electronic 
states,  such  as  OH,  C2,  NH,  and  CN,  are  ideal  candi¬ 
dates  for  LIF  detection.2  The  CH  radical  is  included 
in  those  easily  studied  via  LIF;  however,  unlike  OH,  its 
precise  role  in  the  combustion  chemistry  remains  un¬ 
certain  due  in  large  part  to  the  lack  of  knowledge  of  its 
reaction  rates  at  high  temperatures.  Even  though  the 
importance  of  the  CH  radical  in  the  chemistry  of  com¬ 
bustion  has  not  been  verified,  CH  emission1*5  and 
LIF6-10  are  often  used  as  diagnostics  for  regions  where 
combustion  is  occurring.  CH  concentration  profiles 
are  measured  via  absorption,11'15  saturated  LIF,14*19 
and  resonance  enhanced  multiphoton  ionization.20  In 
addition,  2-D  imaging  of  CH  using  LIF  has  been  dem¬ 
onstrated6'7  and  undoubtably  will  be  applied  in  practi¬ 
cal  combustion  systems  in  the  future. 

Quantitative  LIF  concentration  measurements  of 
CH  require  knowledge  of  the  fluorescence  quantum 
yield,  which  depends  on  both  the  radiative  and  eolli- 
sional  processes  that  occur  following  electronic  excita¬ 
tion.21  The  radiative  lifetimes  and  relative  vibration¬ 
al  band  emission  strengths  are  reasonably  well 
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characterized  for  the  A2 A,  B2 2~,  and  C22+  electronic 
states.22*26  Collisional  processes  such  as  quenching 
(the  total  removal  from  the  excited  electronic  state, 
which  includes  both  reaction  and  energy  transfer  pro¬ 
cesses,  that  change  the  CH  electronic  state)  and  rota¬ 
tional  energy  transfer  are  understood  to  a  lesser  de¬ 
gree.  Recently,  several  studies  have  examined  these 
important  collisional  processes  for  the  A2 A  and  B22~ 
electronic  states  in  atmospheric  pressure  flames27  and 
for  the  A2 A  state  in  low  pressure  flames.8-914*16  In 
addition  to  the  flame  studies,  the  collisional  removal 
rates  of  the  A2 A  electronic  state  have  been  measured  at 
room  temperature26*30  and  1300  K.31 

In  this  work,  we  examine  the  collisional  energy 
transfer  of  the  A2 A  and  B22~  states  by  direct  measure¬ 
ment  of  the  time  dependence  of  the  LIF  in  several  low 
pressure  premixed  flat  flames.  F rom  the  direct  obser¬ 
vation  of  the  fluorescence  decay,  we  measure  the  fluo¬ 
rescence  quantum  yields  needed  for  quantitative  CH 
measurements  and  estimate  upper  limits  for  the  colli¬ 
sional  quenching  rates  for  several  key  colliders.21 
Both  the  major  species  concentrations  and  the  tem¬ 
perature  vary  across  the  flame  front  in  the  combustion 
environment;  these  can  alter  the  observed  decay  and 
change  the  fluorescence  quantum  yield.  A  quantita¬ 
tive  understanding  of  the  collisional  quenching  of  CH 
by  various  species  in  the  flame  permits  extension  of 
these  measurements  to  flames  where  the  time  depen¬ 
dence  cannot  be  observed,  such  as  in  high  pressure 
turbulent  flow  systems. 

Rotational  level  effects  of  quenching  in  the  flames 
are  also  examined.  In  recent  state-specific  room-tem¬ 
perature  flow-cell  studies  of  two  simple  hydrides. 
OH(A22+)  and  NH(A3n,),  a  significant  decrease  in  the 
electronic  quenching  rates  with  increasing  rotational 
level  in  the  excited  state  is  observed  for  most  co- 
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liders.32-36  Will  this  effect  persist  in  the  flame  envi¬ 
ronment?  To  address  this  question,  we  evaluate  the 
quantum  state  selectivity  of  the  fluorescence  quantum 
yield  for  different  excited  rotational  levels  and  assess 
its  effect  on  LIF  diagnostics  at  high  temperatures.  We 
And  a  small  but  measurable  decrease  in  the  quenching 
rate  constants  as  the  rotational  quantum  number  in¬ 
creases  in  several  flames. 

During  this  study  we  examined  the  electronic-to- 
electronic  energy  transfer  from  the  B  state  of  CH  to  the 
A  state.  This  nearly  isoenergetic  transfer  has  been 
observed  in  atmospheric  pressure  flames.27  We  inves¬ 
tigated  this  interesting  dynamic  process  in  several  dif¬ 
ferent  flames  to  test  its  applicability  as  a  sensitive 
versatile  diagnostic  technique. 

The  CH  radical  ground  state  concentration  profiles 
and  CH  rotational  temperatures  are  obtained  for  sev¬ 
eral  of  the  flames.  Preliminary  attempts  to  parame¬ 
trize  the  radical  and  temperature  profiles  are  present¬ 
ed  to  simplify  presentation  of  the  data  and  allow  for  a 
straightforward  comparison  to  other  flames.  These 
methods,  while  only  discussed  briefly  here,  will  be  the 
basis  for  a  more  complete  description  of  the  parametri- 
zation  method.37 

These  flame  measurements  are  of  both  practical 
interest  in  quantitative  diagnostics  of  the  CH  radical 
by  LIF  in  combustion  systems  and  fundamental  inter¬ 
est  in  the  collision  dynamics  of  radicals  at  high  tem¬ 
perature.  The  attempts  to  unravel  the  details  of  the 
collisional  energy  transfer  in  both  CH  electronic  states 
are  aided  by  a  judicious  choice  of  flames  and  pressures 
in  this  unique  collision  environment  where  collisions  of 
relatively  large  kinetic  energy  are  sampled. 

II.  Experimental  Approach 

The  LIF  signal  in  flame  experiments  is  affected  by 
the  temperature,  collision  environment,  excitation 
transition,  and  optical  detection  system.  These  prop¬ 
erties  of  the  system  can  affect  both  the  precision  and 
accuracy  of  LIF  concentration  measurements;  howev¬ 
er,  seldom  are  they  examined  in  a  systematic  and  well- 
controlled  manner. 

Low  pressure  flames  have  several  distinct  advan¬ 
tages  over  atmospheric  pressure  flames  for  such  a 
study.  In  low  pressure  flames,  the  combustion  region 
is  expanded  to  several  millimeters  when  the  pressure  is 
kept  below  50  Torr.  At  these  pressures,  fluorescence 
decays  persist  after  the  laser  light  pulse  and  may  be 
measured  at  different  locations  across  the  flame  pro¬ 
file.  This  detailed  position  and  time  information  are 
difficult  to  obtain  at  high  pressures  with  conventional 
LIF  methods.  Most  of  the  information  obtained  from 
the  low  pressure  studies  with  insight  can  be  extended 
to  high  pressure  diagnostic  studies. 

In  this  experiment,  we  choose  the  CH  radical  as  a 
test  case  to  Bromine  these  effects  in  the  controlled 
environment  of  a  low  pressure  flame.  Various  flames 
are  examined  to  sort  out  many  of  the  complications  in 
LIF  measurements.  Since  this  work  is  the  first  in  a 
series  of  such  experiments,  we  will  describe  the  appa¬ 
ratus  in  detail. 


A.  Apparatus 

The  LIF  experimental  apparatus  shown  in  Fig.  1  can 
be  conveniently  divided  into  three  parts:  the  low  pres¬ 
sure  burner  system,  the  excitation  laser,  and  the  fluo¬ 
rescence  detection  system. 

The  low  pressure  burner  system  is  composed  of  a 
vacuum  chamber  with  the  associated  electronic,  me¬ 
chanical,  and  optical  components  for  positioning  and 
probing  in  the  low  pressure  environment.  The  burner 
is  a  McKenna  Products  flat-flame  porous-plug  burner 
6  cm  in  diameter.  An  inert  gas  often  flows  through  a 
shroud  surrounding  the  burner  to  create  a  well-con¬ 
trolled  interface  between  the  flame  and  the  residual 
gases  in  the  chamber.  The  burner  and  exhaust  mani¬ 
fold  are  water  cooled  to  maintain  safe  operating  tem¬ 
peratures  for  all  the  components.  Fine  metering 
valves  control  and  calibrated  mass  flow  meters  moni¬ 
tor  the  flow  of  the  gases.  The  pressure  is  measured 
with  a  Wallace  and  Tiemen  200-Torr  gauge  and  com¬ 
pared  with  a  1000-Torr  Baratron  pressure  gauge.  The 
burner  can  be  positioned  via  three  dc  motors  mounted 
in  the  vacuum  chamber,  and  the  position  of  the  burner 
can  be  read  out  via  potentiometers  that  are  mounted 
on  all  the  translation  components.  We  have  examined 
both  the  accuracy  and  hysteresis  of  the  vertical  drive 
and  find  that  the  relative  position  can  be  measured  to 
~100  pm  when  approaching  from  one  direction  and 
~200  ^m  when  scanning  in  both  directions.  This  reso¬ 
lution  is  sufficient  for  these  studies  with  a  laser  beam 
diameter  a  factor  of  ~3-5  larger.  Both  the  intensity 
and  position  of  the  LIF  signal  profiles  are  reproducible 
over  several  hours  and  from  day  to  day. 

The  flames  for  most  of  the  studies  are  hydrocarbon/ 
oxygen  flames  with  a  fuel  equivalence  ratio  <t>  near  one 
and  vary  in  pressure  between  5  and  20  Torr.  The  total 
flows  of  fuel,  oxidizer,  and  shroud  for  each  flame  (1)— 
(7)  are  given  in  Table  I.  Also  listed  is  the  pressure 
range  over  which  the  measurements  are  obtained.  F or 
two  flames  not  listed,  extra  nitrogen  or  carbon  dioxide 
is  added  to  a  propane/oxygen  flame  to  measure  the  CH 
quenching  in  different  conditions.  Major  species  pro¬ 
files  have  not  been  measured.  Measured  temperature 
profiles  using  CH,  CN,  and  NH  excitation  scans  are 
briefly  described  below  and  in  a  subsequent  publica¬ 
tion.38 

The  excitation  laser  is  a  pulsed  excimer-pumped  dye 
laser  (~15  ns,  ~0.3  cm-1)  that  excites  the  CH  radicals 
from  the  X2n  ground  state  to  a  specific  level 
in  either  the  A2 A  or  B22~  excited  electronic  state. 
QUI  dye  dissolved  in  dioxane  and  coumarin  120  dye 
dissolved  in  methanol  generate  light  near  390  and  430 
nm  for  the  B  and  A  states,  respectively.  An  aperture 
limits  the  diameter  of  the  excitation  beam  to  be  <1  mm 
as  it  traverses  the  flame.  The  optical  transitions  are 
easily  saturated;  thus  a  beam  splitter  and  filters  atten¬ 
uate  the  laser  beam  power  to  minimize  scattered  light 
signals.  For  the  temperature  measurements,  we  at¬ 
tenuate  the  beam  so  that  the  LIF  signal  is  linearly 
proportional  to  the  laser  power.  For  the  time  depen¬ 
dence  measurements  described  below,  the  linearity  of 
the  signal  with  laser  power  is  less  critical,  and  often  we 
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Fig.  1.  Schematic  of  the  LIF  low  pressure  burner  apparatus. 


use  more  laser  power.  The  laser  wavelength  can  be 
controlled  through  an  interface  to  the  laboratory  com¬ 
puter. 

A  two-lens  system  collects  the  CH  LIF  and  focuses 
the  light  onto  the  entrance  slit  of  a  wide  bandpass 
monochromator  or  filter.  As  discussed  below,  these 
measurements  require  a  detection  system  with  a  re¬ 
sponse  which  is  relatively  uniform  over  the  fluores¬ 
cence  region  of  the  band  under  investigation.  A  small 
monochromator  (Spez,  Minimate- 1)  with  an  entrance 
slit  of  0.4  mm  and  an  exit  slit  of  10  mm  is  used  in  the 
quenching  measurements.  This  arrangement  trans¬ 
mits  a  bandpass  that  is  relatively  flat  across  its  peak 
response  for  10  nm.  For  both  the  A  and  B  states, 
fluorescence  from  the  upper  electronic  state  rotational 
levels  of  >  10  is  attenuated  with  this  system.  For  some 
of  the  CH  B- state  quenching  measurements,  only  a 
filter  (Corion,  S40-400-S,  incident  angle  of  15° )  is  used. 
Angle  tuning  of  the  interference  filter  permits  selec¬ 
tion  of  the  appropriate  wavelength  range.  For  all  the 
temperature  measurements,  a  Jarrell-Ash  monochro¬ 
mator  with  entrance  slits  of  500  nm  and  exit  slits  of  4 
mm  transmits  a  20-nm  bandpass,  which  is  wide  enough 
to  detect  the  entire  band.  A  1P28  photomultiplier 
tube  monitors  the  transmitted  light,  and  its  output  is 
amplified  and  captured  using  either  a  transient  digitiz¬ 
er  (100  Msample  s-1)  or  a  boxcar  integrator  with  a  1-ms 
gate.  With  this  detection  system,  lifetimes  as  short  as 
50  ns  can  be  accurately  measured.  A  CAMAC-based 
laboratory  computer  controls  the  detection  electron- 
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Table  -  TLane  CondMone  ter  the  Observation  ot  the  CH  Radical 


Flame 

Flow  rates" 
Fuel  Oxidizer 

Pressure 

N2  Shroud  range  (Torr) 

*b 

(1)  chvo2 

0.55 

1.05 

0.4 

5-10 

1.0 

(2)  CH4/O2 

0.55 

1.68 

0.9 

4-10 

0.66 

(3)  CH4/02 

0.65 

1.05 

0.8 

7 

1.2 

(4)  C^Hg/02 

0.21 

1.05 

0.9 

6-13 

0.98 

(5)  C2H2/02 

0.5 

1.3 

0.5 

3-7 

1.0 

(6)  H2/CH4/02  2.3, 0.1 

1.3 

0.6 

5-11 

1.0 

(7)  C,Hg/N20 

0.2 

2.0 

0.5 

8-15 

1.0 

0  Units  of  standard  liters  per  minute. 
6  Fuel  equivalence  ratio. 


B.  Spectroscopy  and  Data  Analysis 
The  CH  A2A-X2U  transition  near  430  nm  and  the 
B22~-X2U  transition  near  390  nm  can  both  be  used  for 
CH  LIF  measurements.  The  X2II,  A2 A,  and  B~2~ 
electronic  states  are  similar  in  that  they  all  have  an 
electronic  spin  of  one-half;  however,  the  electron  orbit¬ 
al  angular  momenta  of  the  states  differ.  All  three 
states  have  two  different  spin-orbit  rotational  mani¬ 
folds  labeled  F\  and  Fi,  and  the  X-  and  A -state  rota¬ 
tional  levels  are  also  split  by  A -doubling.  The  line 
positions,  labeling  of  A-doublet  components,  and  as¬ 
signments  are  taken  from  Ref.  39.  Often  the  fine 
structure  is  resolved  in  excitation  scans  by  the  laser 
light,  but  in  most  cases,  it  only  plays  a  very  minor  role 
in  the  phenomena  in  this  study  and  can  be  safely 
neglected. 


D-3 


The  laser  light  excites  the  molecule;  to  a  single  rota¬ 
tional  level  in  the  excited  state,  and  we  observe  the 
temporal  evolution  of  the  resulting  fluorescence.  The 
decay  of  the  fluorescence  is  affected  by  electronic, 
vibrational,  and  rotational  energy  transfer,  which  oc¬ 
cur  simultaneously.  In  the  hydrides,  OH,  NH,  and 
CH,  partial  rotational  equilibration  within  a  vibration¬ 
al  state  is  achieved  prior  to  electronic  quenching. 
Thus  the  observed  total  fluorescence  following  excita¬ 
tion  of  one  level  is  composed  of  the  fluorescence  from 
many  different  levels.  However,  if  all  rotational  levels 
are  observed  with  equal  sensitivity,  many  complica¬ 
tions  arising  from  the  rotational  level  dependence  of 
the  radiative  lifetime,  the  rotational  energy  transfer 
rate,  and  the  quenching  can  be  eliminated.  The  rota¬ 
tional  dependence  of  the  radiative  lifetime  is  small  and 
well  characterized.24  However,  the  rotational  depen¬ 
dence  of  the  quenching  at  flame  temperatures  is  un¬ 
known  for  most  colliders;  OH  and  NH  show  dramatic 
changes  with  most  colliders  at  room  temperature.82-36 
The  observed  decay  of  the  fluorescence  is  a  combina¬ 
tion  of  many  exponentials  similar  in  magnitude.  We 
choose  to  fit  all  the  time-dependent  data  from  90  to 
10%  of  the  peak  of  the  signal  to  a  single  exponential 
We  call  this  the  decay  constant  r-1,  which  is  the  sum  of 
the  radiative  rate  r~l  and  the  collisional  rate  Q,  where 
the  quantities  are  the  average  values  for  the  average 
rotational  distributions  occurring  between  90  and  10% 
of  the  peak  signal  and  will  be  specific  to  the  initially 
excited  rotational  level.  The  limits  of  90-10%  are 
somewhat  arbitrary  but  are  selected  to  minimise  the 
effects  of  scattered  laser  light  at  early  times  and  mini¬ 
mize  the  effects  of  rotational  energy  transfer  at  later 
times. 

Figure  2  shows  a  typical  time  dependence  of  the 
fluorescence  signal  obtained  when  exciting  the  over¬ 
lapped  fine  structure  components  of  the  P(7)  rotation¬ 
al  line  of  the  A2A-X2Il  (0,0)  electronic  transition  in  a 
6.7-Torr  propane/oxygen  flame  (flame  4).  Typically 
the  signals  from  100  to  2000  laser  pulses  are  summed  to 
obtain  the  time-dependent  signals.  The  squares  are 
the  data  points,  while  the  line  is  the  best  single  expo¬ 
nential  fit  to  the  data  from  90  to  10%  of  the  peak  value. 
This  fit  gives  a  decay  constant  of  6.37  ms'1,  which 
corresponds  to  a  fluorescence  lifetime  of  157  ns.  Little 
deviation  is  seen  between  the  best  fit  single  exponen¬ 
tial  and  the  experimental  data,  suggesting  that  the 
single  exponential  description  is  adequate. 

The  decay  constants  are  related  to  the  fluorescence 
quantum  yield  $  by  the  relationship 

*  -  t;'t  -  r7'(rr-'  +  Q)~'.  (1) 

Since  the  collisional  rate  Q  depends  directly  on  the 
number  of  colliders,  the  fluorescence  quantum  yield 
decreases  at  higher  pressures.  The  collisional  rate  Q  is 
the  product  of  the  quenching  rate  constant  kq  and  the 
pressure,  where  the  superscript  P  indicates  a  rate  con¬ 
stant  in  units  of  (ms-1  Torr-1),  or  equivalently  Q  is  the 
product  of  the  quenching  rate  constant  kq  and  the 
density  n,  where  kQ  is  in  units  of  cm3  s-1.  This  nota¬ 
tion  will  be  used  throughout  this  paper.  Transforma- 


Fig.  2.  Typical  time  dependence  of  the  fluorescence  signal 
(squares)  and  single  exponential  fit  (line). 


tion  of  the  experimentally  derived  kq  into  the  more 
fundamental  kq  requires  a  temperature  measurement 
to  convert  from  pressures  to  densities.  Extraction  of 
collision  cross  sections  from  the  rate  constants  also 
requires  a  temperature  measurement  as  well  as  the 
reduced  mass  of  the  collision  pair.  The  thermally 
averaged  cross  section  a  is  defined  from  kq  *  aq(v), 
where  (v)  is  the  average  relative  collision  velocity 

[<o>  -  <8*7Ytm)1/2]. 

U.  Results 

A.  CH  A2 A  and  Quenching 

In  these  experiments,  we  measure  decay  constants 
for  CH  (A2A  and  B22.~)  quenching  in  the  flames  listed 
in  Table  I.  We  survey  several  hydrocarbon/oxygen 
flames,  a  propane/nitrous  oxide  flame,  and  a  hydro¬ 
gen/oxygen  flame  seeded  with  a  small  amount  of  meth¬ 
ane.  We  make  the  measurements  at  the  peak  CH  LIF 
signal  and  vary  the  pressure  and  excitation  transition 
and  also  examine  different  positions  across  the  CH 
concentration  profile.  For  all  these  flames,  which 
have  a  variety  of  collision  partners  and  temperatures, 
the  quenching  varies  by  <50%  for  different  flames, 
positions,  and  excitation  transitions  when  a  compari¬ 
son  for  one  electronic  state  at  the  same  pressure  is 
made. 

The  average  rate  constant  for  CH  -state  quenching 
is  obtained  from  the  pressure  dependence  of  the  CH  A- 
state  quenching  decay  constants.  The  data  for  five 
flames  taken  at  the  peak  CH  signal  for  each  flame  is 
shown  in  Fig.  3(a).  The  decay  constants  for  the  hydro¬ 
carbon/oxygen  flames  have  the  same  pressure  depen¬ 
dence,  whereas  those  for  the  hotter  propane/nitrous 
oxide  flame  (flame  7)  are  somewhat  slower  and  those 
for  the  cooler  hydrogen/oxygen  flame  seeded  with  10% 
methane  (flame  6)  are  faster.  We  take  the  rate  con¬ 
stant  for  CH  A  -state  quenching  to  be  the  slope  of  the 
linear  least-squares  fit  to  the  methane/oxygen,  pro- 
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Fig.  3.  Pressure  dependence  of  the  decay  constants  for  (a) 
CHM2A)  and  (b)  CH(B22~)  quenching  in  the  following  flames:  O, 
H2/O2  seeded  with  CH<:  ■.  CH4/O2,  <t>  ■  1;  □,  CH4/O2,  <t>  “  0.66;  S, 
CH4/O2, 0  *  1.2;  a. C2H2/O2, 0*  l;i, CaHg/02.  &m  1;  •  , C3H8, N2O 
<t  m  1.  The  slopes  of  the  linear  least-squares  fits  to  the  data  for  the 
CH4.  C2H21  and  C.iHs/Oo,  <t>  m  1  flames  give  the  quenching  rate 
constants  k and  the  intercepts  correspond  to  the  radiative  rates. 


pane/oxygen,  and  acetylene/oxygen  flames  data, 
which  is  kq  *  0.77  ±  0.04  *is_1  Torr-1  or,  using  an 
average  flame  temperature  of  1800  K,  is  k<q  =  (1.44  ± 
0.18)  x  10"10  cm3  s_1.  The  uncertainties  given  above 
and  throughout  are  two  statistical  standard  devi¬ 
ations. 

The  pressure  dependence  of  the  CH  B-state  quench¬ 
ing  decay  constants  for  seven  flames  taken  at  the  peak 
CH  signal  for  each  flame  is  shown  in  Fig.  3(b).  The 
decay  constants  for  the  hydrogen/oxygen  flame  seeded 
with  5%  methane  are  again  higher  than  those  for  the 
hydrocarbon/oxygen  flames.  At  higher  pressures,  the 
lean  methane/oxygen  flame  decay  constants  are  some- 
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Fig.  4.  Summary  of  CH  data  obtained  in  a  6.7-Torr  propane/ 
oxygen  flame.  The  bottom  curve  is  the  CH  ground  state  relative 
concentration  profile.  The  line  through  the  curve  is  the  two  Gauss¬ 
ian  fit.  The  increase  near  the  burner  surface  is  due  to  laser  light 
scattered  off  the  burner  surface.  The  open  boxes  are  the  CH(B22“) 
decay  constants  (left  vertical  axis),  and  the  solid  boxes  are  the  CH 
rotational  temperatures  (right  vertical  axis)  as  functions  of  position. 
The  lines  through  the  data  points  are  linear  and  exponential  fits  to 
the  data  as  described  in  the  text. 

what  below  the  rest.  Attempts  to  measure  CH  B-state 
decay  constants  in  a  propane/nitrous  oxide  flame  were 
unsuccessful,  as  CN  B-X  emission  in  the  same  wave¬ 
length  region  interfered  with  the  CH  B-X  LIF  detec¬ 
tion.  The  rate  constant  for  CH  B-state  quenching  is 
taken  to  be  the  slope  of  the  linear  least-squares  fit  to 
the  methane/oxygen,  propane/oxygen,  and  acetylene / 
oxygen  flames  decay  constants  and  is  k%  =  1.32  ±  0.14 
ps“l  Torr-1  or,  using  a  flame  temperature  of  1800  K,  is 
kQ  *  (2.47  ±  0.38)  X  10“ 10  cm3  s-1.  In  general,  the  CH 
B  state  is  quenched  70%  faster  than  the  CH  A  state  in 
these  flames. 

In  the  flame  environment,  both  the  temperature  and 
major  species  concentrations  vary  greatly  across  the 
CH  profile.  We  investigate  what  effect  this  has  on  the 
quenching  and  thus  the  fluorescence  quantum  yield  by 
measuring  decay  constants  at  different  regions  in  each 
flame.  Figure  4  shows  the  decay  constants  r_1  as  a 
function  of  height  above  the  burner  for  a  propane/ 
oxygen  flame.  For  CH  we  find  that  the  fluorescence 
decays  are  relatively  constant  over  the  flame  profiles 
for  all  the  flames,  giving  quantum  yields  that  are  al¬ 
most  independent  of  position.  For  example,  the  pro¬ 
pane/oxygen  flame  shown  in  Fig.  4  has  a  quantum  yield 
that  is  constant  at  0.28  across  the  flame  profile.  The 
data  for  a  methane/oxygen  flame  shown  in  Fig.  5  show 
a  slight  increase  in  the  quenching  for  both  states.  For 
this  flame,  the  quantum  yield  changes  from  0.30  to  0.25 
across  the  flame.  For  all  the  flames,  the  quantum 
yields  for  the  A  state  are  similar  to  those  for  the  B  state. 
Even  though  the  quenching  is  less  in  the  A  state,  the 
natural  radiative  rate  is  also  slower.  To  facilitate  a 
comparison  of  the  quenching  for  different  flames  and 
both  electronic  states,  we  report  in  Table  II  the  slope 
and  intercept  of  the  pressure  independent  total  remov- 
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Fig.  5.  Position  dependence  of  the  CH(/2A)  and  (B2!-)  quenching 
rate  constants  for  a  methane/oxygen  flame.  The  lower  trace  is 
the  CH  ground  state  relative  concentration  profile.  The  different 
symbols  for  the  quenching  data  indicate  data  taken  on  different 
days.  The  lines  are  linear  least-squares  fits  to  the  data. 

al  rate  constant  kq  vs  height  above  the  burner  surface, 
as  given  by  the  equation 

*2  -  *S<0)  +  k?x,  (2) 

where  x  is  the  height  above  the  burner,  fe£(0)  is  the  rate 
constant  extrapolated  to  the  burner  surface,  and  is 
the  change  in  the  rate  constant  with  height.  The 
parametrized  form  can  be  used  to  calculate  fluores¬ 
cence  quantum  yields  for  a  given  pressure,  tempera¬ 
ture,  and  position  in  similar  low  pressure  flames  for  the 
conversion  of  LIF  profiles  to  radioed  profiles  (see  be¬ 
low).  We  later  describe  use  of  these  data  to  obtain  the 
quenching  rate  constants  kq  and  collision  cross  sec¬ 
tions. 

All  the  results  presented  thus  far  have  been  for  one 
excited  rotational  level,  but  several  rotational  levels 
must  be  used  for  excitation  scans  for  temperatures. 
We  measure  the  rotational  level  dependence  of  the 
quenching  by  recording  the  time  evolution  of  the  signal 
following  excitation  of  different  rotational  levels  at  the 
position  of  the  peak  CH  Bignal.  Data  for  the  CH  A- 
and  B-state  quenching  for  acetylene/oxygen  flames  are 
shown  in  Fig.  6,  where  N'  is  the  initially  excited  rota¬ 
tional  level.  We  find  that  the  quenching  decay  con¬ 
stants  do  not  vary  significantly  (15%)  over  rotational 
levels  N'  «  2-13,  in  contrast  to  the  strong  dependence 
shown  by  OH  and  NH  at  room  temperature.32-36  This 


Excited  Rotational  Laval.  K 

Fig.  6.  Rotational  level  dependence  of  the  CH(,43A)  and  (B-l~) 
quenching  rate  constants  fejjj  in  acetylene/oxygen  flames.  The  dif¬ 
ferent  symbols  indicate  data  taken  on  different  days.  The  lines  are 
linear  least-squares  fits  to  the  data. 

dependence  is  similar  to  that  for  OH  and  NH  seen  in 
other  flame  experiments  in  this  laboratory.40-41  Data 
for  rotational  levels  N'  =  12  and  13  should  be  consid¬ 
ered  with  caution,  as  fluorescence  from  these  levels  is 
attenuated  by  the  detection  system;  however,  from  the 
lower  rotational  levels,  the  trend  is  clear. 

Table  HI  contains  a  summary  of  the  rotational  level 
dependence  for  all  the  flames.  The  data  are  presented 
in  a  fashion  similar  to  the  position  dependence  as  an 
intercept  and  slope  for  a  fit  of  kq  vs  initially  excited 
rotational  level.  The  methane/oxygen  flame  quench¬ 
ing  shows  essentially  no  dependence  on  rotational  lev¬ 
el,  while  the  propane/oxygen  and  acetylene/oxygen 
show  a  slight  dependence.  The  small  change  we  ob¬ 
serve  has  a  minimal  impact  on  concentration  measure¬ 
ments,  but  it  can  affect  temperature  measurements  as 
discussed  below. 

B.  Electronic  Energy  Transfer  from  EPZ~  to  A2 A 

One  of  the  pathways  for  the  quenching  of  the  B  state 
is  by  electronic-to-electronic  energy  transfer  to  the  A 
state,  as  evidenced  by  collision-induced  emission  from 
the  A  state  after  B-state  excitation.  Figure  7  shows 
the  time  dependence  of  the  wavelength-resolved  LIF 
following  excitation  of  the  Qi(8)  rotational  line  of  the 
B-X  (0,0)  electronic  transition  in  a  6.5-Torr  methane/ 
oxygen  flame  (flame  1).  The  upper  curve  is  the  time 
dependence  of  the  fluorescence  at  3906  A  (B-state 
fluorescence),  while  the  lower  curve  is  that  at  4312  A 
(A-state  fluorescence).  The  temporal  evolution  of  the 
LIF  at  the  two  wavelengths  is  clearly  different.  The 
B-state  fluorescence  shows  a  single  exponential  decay 


TaMo  N.  Dtotaneo  Dopondoneo  ot  tha  Total  Ramoval  Rato  Conotant  *2 


Flame 

*£(0) 

fin-1  Torr-1) 

CHS 

kp„ 

(ms-1  Ton--1  mm-1) 

*2(0) 

(*is-1  Torr-') 

CH  A 

(ps-1  Torr-1  mm-1) 

(1)  ch4/o2 

0.95  ±  0.02 

0.014  ±  0.002 

0.610  ±  0.007 

0.009  ±  0.001 

(4)  C^Ht/O, 

1.08  ±  0.03 

-0.003  ±  0.004 

0.700  ±  0.020 

0.000  ±  0.003 

(5)  C2H2/Oj 

1.05  ±  0.02 

-0.003  dfc  0.007 

0.720  ±  0.020 

0.003  ±  0.006 
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Table  U.  Rotational  Laval  Dependence  of  tha  Total  Removal  Rata  Conetant  >£  at  the  Reek  d  the  CH  Signal 


Flame 

Intercept 
(ms*1  Torr*1) 

CH  B 

Slope 

Us*1  Torr"1) 

Intercept 
(ms*1  Torr*1) 

CH  A 

Slope 

(ms*1  Torr*1) 

(1)  CH4/O2 

1.07  ±  0.02 

0.000  ±  0.002 

0.706  ±  0.008 

-0.007  ±  0.001 

(4)  CMi/Oi 

1.38  ±  0.07 

-0.033  ±  0.008 

0.833  ±  0.027 

-0.017  ±  0.003 

(5)  C2H2/O2 

1.26  ±  0.02 

-0.029  ±  0.002 

0.800  ±  0.010 

-0.010  ±  0.001 

Time  (pa) 

Fig.  7.  Time  dependence  of  the  CH  fluorescence  following  excita¬ 
tion  of  the  B2lr-X7n  (0,0)  Q|8  transition.  The  upper  curve  is 
obtained  observing  only  B-X  fluorescence,  while  the  lower  curve  is 
observing  only  A-X  fluorescence. 


corresponding  to  depopulation  of  the  B2X~  electronic 
state  in  collisions  with  the  flame  gases  that  is  signifi¬ 
cantly  faster  than  the  decay  of  the  A2 A  state  for  the 
same  flame  conditions.  The  A-state  fluorescence 
arises  from  electronic  energy  transfer  from  the  B  state 
to  the  A  state  as  observed  in  the  atmospheric  pressure 
flame  in  Ref.  27.  The  two  exponentials  of  the  A -state 
fluorescence  signal  reflect  the  rapid  collisional  popula¬ 
tion  of  the  A  state  from  the  B  state  and  the  slower 
collisional  removal  of  the  A  state.  A  single  exponen¬ 
tial  fit  for  the  upper  curve  from  90  to  10%  of  the  peak 
value  yields  a  CH  B-state  quenching  decay  constant  of 
9.5  ms-1,  corresponding  to  a  fluorescence  lifetime  of  105 
ns. 

A  comparison  of  profiles  of  the  collision-induced 
emission  for  each  flame  to  the  B-state  LIF  profiles 
shows  a  slight  variation  between  flames,  but  the  size  of 


the  collision -induced  emission  is  between  30  and  50% 
of  the  CH  B-state  signal.  We  did  not  calibrate  the 
detector  response,  but  the  ratio  of  electronic  energy 
transfer  to  quenching  was  found  to  be  ~0.2  in  an  atmo¬ 
spheric  pressure  flame.27  The  major  species  concen¬ 
trations  in  the  flame  change  over  this  region,  but  that 
change  does  not  result  in  a  significant  change  in  the 
relative  amount  of  signal.42 

C.  Temperature  and  CH  Profiles 

Temperature  profiles  are  needed  to  extract  rate  con¬ 
stants  and  cross  sections  for  collisional  quenching  from 
the  measured  decay  constants  and  are  also  needed  to 
obtain  the  ground  state  CH  concentrations  from  the 
observed  LIF  signal  intensity.  A  complete  discussion 
of  the  method  we  use  to  extract  temperatures  from  LIF 
excitation  scans  will  be  given  in  a  subsequent  publica¬ 
tion.38  We  perform  excitation  scans  over  a  spectral 
region  that  contains  both  low  and  high  rotational  levels 
and  fit  the  spectrum  to  a  synthesized  spectrum  using 
known  wavelengths  and  line  strengths  and  using  a 
Gaussian  shape  linewidth  and  the  temperature  as  vari¬ 
ables.  Excitation  scans  are  taken  using  the  B22~- 
X2U  or  the  A2A-X2J1  electronic  transitions.  (Exam¬ 
ples  of  the  data  and  fits  can  be  found  in  Ref.  38.)  As  a 
consistency  test,  we  compare  the  results  for  the  tem¬ 
peratures  obtained  from  CH  excitation  scans  to  those 
from  NH  and  CN  excitation  scans  for  the  same  flame,  a 
rich  propane/nitrous  oxide  flame.  The  NH  and  CN 
spectra  are  fit  in  a  similar  fashion  as  the  CH  spectra 
and  all  agree  to  within  200  K  of  each  other.  We  have 
observed  a  systematic  trend  in  which  the  temperatures 
from  CH  B  scans  are  100-200  K  lower  than  those  from 
CH  A  scans  but  currently  have  no  explanation.38 

Rather  than  graphically  presenting  the  experimen¬ 
tal  data  points  as  a  function  of  position  for  all  the 
flames  studied,  we  choose  to  use  a  simple  algebraic 
formula  to  parametrize  the  measurements  so  that  they 
can  be  easily  tabulated.37  38  An  example  of  the  data 
and  the  fit  is  shown  in  Fig.  4  for  a  propane/oxygen 
flame:  we  fit  the  data  points  obtained  using  A-  and  B- 
state  excitation  scans  to  the  exponential  equation 

T  -  Tb  +  T„  exp(-ax).  (3) 

The  baseline  temperature  Tg  is  the  temperature  ex¬ 
trapolated  out  to  the  burnt  gases.  The  parameters  for 
all  the  flames  are  given  in  Table  IV.  As  can  be  seen  in 
Fig.  4,  a  linear  function,  such  as  used  for  the  quenching, 
does  not  reproduce  the  shape  of  the  temperature  pro¬ 
file.  These  parameters  adequately  characterize  the 
temperature  over  the  region  of  significant  CH  concen¬ 
tration;  however,  using  the  equation  to  extrapolate 
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itside  the  experimental  range  should  not  be  attempt- 
1  (as  negative  values  at  x  =  0  indicate).  The  tem- 
;ratures  at  the  peak  of  the  CH  signal  are  close  to  the 
a  value.  The  baseline  temperatures  for  the  hydro- 
trbon  flames  are  quite  similar,  reaching  values  near 
100  K,  while  the  hydrogen/oxygen  flame  is  much  cool- 
,  reaching  only  1200  K.  The  propane/nitrous  oxide 
ame  is  significantly  hotter  (2500  K),  possibly  because 
sits  higher  off  the  cooled  burner  element. 

To  monitor  the  distribution  of  the  CH  concentration 
the  flame,  we  obtain  CH  LIF  signal  profiles  as  a 
inction  of  height  above  the  burner  surface.  The 
aximum  of  the  CH  concentration  appears  in  the 
ime  front  and  lies  relatively  close  to  the  burner  sur- 
ce.  The  position  of  the  burner  surface  is  determined 
om  where  laser  scatter  starts  to  be  seen  in  the  profile, 
i  most  cases  a  500-^m  laser  beam  radius  is  used. 

The  LIF  signal  profiles  can  be  directly  related  to  the 
H  ground  state  concentration  profiles  by  applying 
veral  corrections.  First,  since  the  fluorescence  is 
llected  perpendicular  to  the  laser  beam,  near  the 
lrner  surface  some  of  the  light  is  obscured  by  the 
irner,  and  the  profiles  must  be  corrected  for  the 
ange  in  the  amount  of  light  getting  to  the  detector.43 
le  correction  factor  as  a  function  of  burner  height 
n  be  calculated  using  geometry.  Another  correction 
r  the  change  in  population  of  the  rotational  level 
cited  in  the  ground  state  with  temperature  can  be 
•plied  using  the  parametrized  temperatures  given 
'ove.  This  can  be  minimal  with  an  appropriate 
oice  of  excited  rotational  level.  We  chose  to  excite 
)m  the  N"  -  7  level,  as  its  relative  population  does 
•t  change  significantly  for  large  changes  in  tempera- 
re  through  the  flame  front.  For  all  the  profiles 
ported,  the  temperature  correction  is  negligible. 

The  effect  of  the  fluorescence  quantum  yield  on  the 
ofiles  depends  on  how  the  signal  is  collected.  If  the 
tire  time  evolution  of  the  fluorescence  is  captured 
th  a  long  boxcar  gate,  the  observed  profile  must  be 
vided  by  the  position  dependence  of  the  fluorescence 
lantum  yield  as  given  above.  However,  if  a  very 
ort  gate  (10  ns)  is  used  at  early  times  in  the  fluores- 
nce  decay,  the  population  is  not  significantly  re- 
ned  by  quenching.  Changes  in  the  fluorescence 
antum  yield  arising  from  differences  in  quenching 
le  constants  across  the  flame  profile  will  be  small, 
d  a  constant  fluorescence  quantum  yield  can  be 
ed.  For  most  of  the  profiles  we  report,  we  use  a  gate 
at  integrates  over  the  entire  time  dependence,  and, 
erefore,  the  position  dependence  of  the  quantum 


able  IV.  Parameter*  Describing  the  Temperature  Profile  In  Several 

Flames 


Flame 

T„<Kt 

T  (K) 

aimin'1) 

Pressure 

(Torr) 

I  CH,/0 

1856 

-962 

0.197 

7.0 

II  C  H./0 

1788 

-2545 

0.722 

6.7 

.)  C  H  'O 

1718 

-854 

0.402 

64 

li  H  /CH,/0 

1227 

-3128 

0.898 

10.6 

•)  C  H.TM.O 

2576 

-2473 

0.265 

14.3 

yield  is  used.  However,  our  data  on  the  position  de¬ 
pendence  of  the  quenching  show  that  only  for  the 
methane/oxygen  flame  is  there  noticeable  change  in 
the  quenching  with  position. 

The  accurate  reproduction  of  radical  profiles  by 
flame  models  is  an  important  test  of  their  ability  to 
predict  the  chemistry  occurring  throughout  the  flame. 
The  temperature  profiles  from  Table  IV  and  the  pres¬ 
sures  and  flow  rates  from  Table  I  are  necessary  input 
data  to  the  current  models.  We  have  selected  a  meth¬ 
od  of  presenting  our  CH  ground  state  concentration 
profiles  whereby  representative  profiles  can  be  repro¬ 
duced  for  comparison  with  other  experimental  and 
modeling  profiles.  Our  parametrization  has  six  inde¬ 
pendent  variables  and  well  represents  the  shape  of  the 
CH  profiles.  Simpler  forms  may  be  applicable;  how¬ 
ever,  this  form  is  the  best  we  have  found  to  date.37  The 
parametrization  consists  of  fitting  the  profile  to  an 
equation,  which  adequately  reproduces  the  profiles: 

N  “  exp[-a,(x  -  tf,)2)  +  N2  exp[-a2(jr  -  d2)2)-  (4) 

This  equation  is  the  sum  of  two  independent  Gaussian 
functions.  The  parameters  for  all  the  flames  studied 
are  given  in  Table  V.  Each  profile  has  been  scaled  to 
have  a  maximum  peak  of  1000  units.  Figure  4  shows  a 
two  Gaussian  fit  to  the  CH  concentration  profile  ob¬ 
tained  in  a  propane/oxygen  flame.  In  a  number  of  the 
CH  profiles  with  scattered  laser  light,  the  fit  is  restrict¬ 
ed  to  distances  >  1  mm  above  the  burner  surface.  The 
above  representation,  although  reasonably  accurate, 
does  not  make  for  an  easy  comparison  from  one  flame 
to  another  using  the  parameter  values.  Qualitatively, 
the  C2H2/O2  profile  peaks  significantly  closer  to  the 
burner  (^ — 2.5  mm)  with  the  CH4/02  peaking  the  far¬ 
thest  at  ~9  mm.  The  width  of  the  profile  generally 
correlates  with  the  distance  above  the  burner  in  that 
the  higher  the  CH  radical  is  produced,  the  wider  the 
profile.  A  more  quantitative  description  of  these  fea¬ 
tures  can  be  found  in  a  subsequent  publication.37 

IV.  Rate  Constants  and  Collider-Specific  Cross  Sections 

A.  Estimates  of  Cross  Sections  for  Quenching 

The  rate  constants  kg  show  an  unexpected  indepen¬ 
dence  with  position  in  the  flame  as  given  in  Table  II. 
However,  a  closer  examination  of  the  underlying  colli¬ 
sion  dynamics  reveals  that  this  independence  actually 
results  from  two  things:  both  the  collision  cross  sec¬ 
tion  and  the  temperature  increase  with  distance  above 


Table  v.  Parameter*  of  a  Two  Qautaian  Fit  Used  to  Reproduce  tha  CH 
Ground  Slat*  Concentration  Profile' 


Flame 

N> 

O) 

(mm-1) 

d , 

(mm) 

N, 

02 

(mm*1) 

d: 

(mmi 

Pressure 

(Torr) 

ill  CH,/0-> 

841 

0.083 

8.79 

227 

0.246 

10.11 

7.0 

14)  C  iHs/O-j 

714 

0.141 

4.99 

343 

0.075 

7.22 

6.7 

(51  C  .Ho/Oi 

551 

1.200 

1.79 

506 

0.268 

2.66 

6.4 

(6)  H./CH,/0.  559 

U.374 

4.41 

477 

0.121 

5.12 

10.6 

°  All  data  normalized  to  give  a  maximum  value  of  1000  in  arbitrary 
units. 
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Haight  Above  Burner  (mm) 

Fig.  8.  Position  dependence  of  the  quenching  rate  constants  ky  for 
CH(A2A)  and  (B-2~)  in  a  methane/oxygen  flame.  The  data  and 
lines  are  calculated  using  the  temperature  profile  tabulated  in  Table 
IV  and  the  quenching  rate  constants  k%  shown  in  Fig.  5. 

the  burner.  Over  the  flame  profile,  the  pressure  re¬ 
mains  constant,  but  as  the  temperature  increases,  the 
density  and  collision  frequency  decrease.  By  convert¬ 
ing  the  measured  kg  to  kg  using  our  temperature  pro¬ 
files,  we  remove  the  effect  of  the  changing  density  and 
can  compare  quenching  at  different  temperatures  and 
flame  gases.  Figure  8  shows  the  data  for  a  methane/ 
oxygen  flame  that  has  been  corrected  for  the  changing 
density. 

We  use  the  parametrized  form  for  the  temperature 
profile  as  given  in  Table  IV.  The  rate  constants  in¬ 
crease  slightly  moving  from  the  burner  surface  toward 
the  burnt  gases.  Further  reduction  of  the  data  to  a 
collision  cross  section  requires  an  approximation  on 
the  reduced  mass  of  the  collision  pair  n,  which  is  need¬ 
ed  to  estimate  the  average  relative  collision  velocity 
(v).  Assuming  n  changes  only  slightly,  the  cross  sec¬ 
tions  increase  but  to  a  lesser  extent  than  the  rate 
constants,  moving  from  the  burner  to  the  burnt  gases. 

Perhaps  the  most  important  unknown  collider  spe¬ 
cific  quenching  cross  section  is  that  for  H20.  We 
measure  the  total  removal  rate  constant  for  the  A  state 
in  the  H2/O2  flame  with  a  small  amount  of  CH4  to  be 
0.86  ms-1  Torr-1.  From  our  data  we  can  currently 
generate  a  reasonable  upper  limit  for  water.  (Further 
measurements  and  detailed  flame  modeling  are  need¬ 
ed  for  a  more  accurate  value.)  The  limit  is  obtained 
using  this  reasoning.  We  have  measured  the  value  of 
the  removal  at  the  peak  of  a  H2/O2  flame  with  small 
quantities  of  CH4.  We  assume,  albeit  incorrectly  but 
accurately  for  a  limit,  that  all  the  other  species  do  not 
contribute  to  the  quenching  at  that  point.  From  typi¬ 
cal  models  of  this  flame41  we  assume  H20  makes  up 
40-50%  of  the  total  gases.  This  leads  to  upper  limits 
on  the  H20  quenching  cross  section  of  13  and  18  A2  for 
the  A  and  B  state,  respectively.  Interestingly,  this 
upper  limit  is  significantly  below  the  best  estimate 
(equal  to  the  NH3  quenching  value)  made  for  CH  pre¬ 
viously.21 

Upper  limits  for  the  contributions  of  N2  and  C02  to 
the  quenching  are  estimated  by  adding  known 
amounts  of  each  gas  to  a  CiHg/CU  flame.  The  addition 


Fig.  9.  Dependence  of  the  quenching  rate  constants  k'v  for 
CH(B*2")  in  a  propane/oxygen  flame  with  added  nitrogen.  A  mole 
fraction  of  0.72  approximates  a  propane/air  flame.  The  line  is  a 
linear  least-squares  fit  to  the  data,  and  the  intercept  at  a  mole 
fraction  of  1.0  gives  the  upper  limit  of  the  rate  constant  for  quench¬ 
ing  by  nitrogen. 


of  the  gas  may  cool  off  the  flame,  but  we  did  not 
measure  the  temperature  for  each  flame  composition. 
The  greatest  effect  on  the  quenching  will  be  seen  for  a 
constant  temperature  flame.  For  both  gases,  we  see 
that  the  quenching  at  the  peak  CH  signal  decreases 
significantly  with  each  further  addition  of  N2  or  C02. 
The  change  is  due  to  the  addition  of  a  less  efficient 
quencher  but  counterbalanced  somewhat  by  the  in¬ 
crease  in  density  by  cooling.  Figure  9  shows  the  influ¬ 
ence  cf  the  addition  of  N2  on  th?  fluorescence  decay  of 
the  B  state.  The  addition  of  C02  may  also  influence 
the  flame  chemistry  by  creating  more  CO,  which  is  a 
more  rapid  quencher  than  C02.31  Extrapolation  of 
the  measured  quenching  rate  constants  to  100%  added 
N2  or  C02  gives  an  upper  limit  to  the  rate  constants  for 
quenching  by  each  gas.  Ciu*s  sections  derived  using  a 
temperature  of  1800  K  are  <jq  <  3  A2  and  <  4  A2  for  N2 
for  the  A  and  B  states,  respectively,  and  oq  <  4  A2  for 
C02  for  both  states.  The  A-state  cross  section  limits 
are  larger  than  the  values31  at  1300  K:  ag  is  1.4  and  2.1 
A2  for  N2  and  C02.  This  is  consistent  with  the  upper 
limits  given  above.  No  collider-specific  quenching 
cross  sections  are  available  for  comparison  for  the  B 
state.  Our  data  show  that  these  species  are  not  very 
efficient  quenchers  for  this  state. 

B.  Comparison  with  Other  Studies 

The  A2A  state  has  been  examined  via  time-resolved 
LIF  in  two  other  studies  both  in  low  pressure  acety¬ 
lene/oxygen19  and  methane/oxygen8  flames;  however, 
the  time  evolution  of  the  B2Z~  state  has  not  been 
previously  investigated.  We  can  use  the  collider-spe¬ 
cific  cross  sections  to  calculate  quenching  rates  for 
comparison  to  the  oth»r  reported  direct  measure¬ 
ments.  Disagreement  oi  nearly  a  factor  of  2  in  a  simi¬ 
lar  comparison  in  Ref.  21  can  be  attributed  to  their 
estimate  of  a^(H20)  from  the  cross  section  for  quench¬ 
ing  by  ammonia.  The  value  used  for  H20  was  a  factor 
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of  ~2  greater  than  the  upper  limit  determined  in  this 
work.  Cattolica  et  al.s  in  a  CH4/O2  flame  at  20  Torr 
measured  a  rate  constant  of  0.8  ms-1  Torr-1,  agreeing 
with  our  expe  rimental  value  for  the  A  state  of  0.77  fis~1 
Torr-1.  Using  reported  major  species  concentrations, 
the  upper  limit  for  H2O,  and  the  <jq  for  CO,  CO2,  and  O2 
from  Ref.  31,  we  calculate  a  maximum  value  of  0.9  ms-1 
Torr-1.  In  a  C2H2/O2  flame  at  10  Torr,  Kohse- 
Hoeinghaus  et  a/.17-19  measure  1.0  #zs-1  Torr-1.  Our 
measured  value  is  0.77  in  a  somewhat  leaner  flame;  the 
calculated  result  is  also  0.8  ms-1  Torr-1. 

The  comparisons  presented  above  are  encouraging. 
From  the  above  discussion  and  similar  comparisons  for 
the  OH  radical  in  Ref.  21,  and  with  knowledge  of  the 
major  species  concentration  and  temperature,  fluores¬ 
cence  quantum  yields  for  CH  A-state  LIF  can  be  esti¬ 
mated  to  about  ±25%.  This  is  a  significant  improve¬ 
ment  over  the  factor  of  2  estimates  for  CH  from  two 
years  ago.21 

We  believe  the  B-state  measurements  also  provide  a 
consistent  picture;  however,  we  know  of  no  other  flame 
data  for  direct  comparison.  Our  measurements  di¬ 
rectly  confirm  other  indirect  measurements  in  atmo¬ 
spheric  pressure  flatr.es20,27  that  the  B  state  of  CH  does 
quench  significantly  faster  than  the  A  state.  For  a 
wide  variety  of  flames  we  observe  a  70%  faster  rate  in  B 
than  A. 


V.  Implications  for  CH  Diagnostics 

Quantitative  measurement  of  CH  using  the  A  or  B 
states  may  turn  out  to  be  much  easier  than  initially 
anticipated.  The  time  decay  of  the  fluorescence  does 
not  change  significantly  over  the  entire  region  of  the 
flame  where  the  CH  is  present.  This  means  that  a 
single  value  of  the  fluorescence  quantum  yield  can  be 
used  for  most  applications  that  do  not  make  stringent 
requirements  on  the  accuracy  of  greater  than  ~25%. 
But  this  also  means  that  the  fluorescence  quantum 
yield  is  independent  of  the  temperature,  and  a  correc¬ 
tion  for  the  temperature,  which  in  most  circumstances 
would  be  required  when  using  a  constant  cross  section 
(as  in  the  case  of  NH40  and  OH41),  would  reduce  the 
accuracy  of  the  CH  profile  for  all  the  flames  examined 
in  this  study. 

From  the  measurements  of  the  rate  constants  for 
electronic  quenching  of  the  A  and  B  states  of  CH,  we 
can  estimate  the  fluorescence  quantum  yield  for  exci¬ 
tation  of  the  two  states.  The  B  state  of  CH  quenches 
more  rapidly  than  the  A  state  by  ~70%;  however,  the 
B-state  lifetime  is  ~340  ns,  which  is  ~60%  shorter  than 
the  A -state  radiative  lifetime  of  ~540  ns.  The  two 
effects  almost  entirely  cancel,  making,  for  example,  a 
fluorescence  quantum  yield  of  ~10%  in  a  20-Torr  hy¬ 
drocarbon/oxygen  flame  for  the  B  state  and  1 1%  for  the 
A  state.  In  almost  all  applications,  such  a  small  differ¬ 
ence  is  insignificant,  and  selection  of  the  most  advan¬ 
tageous  excitation  transition  will  depend  on  the  excita¬ 
tion  laser  and  detection  system. 

The  rotational  level  dependence  described  above  for 
CH  is  in  most  cases  too  small  to  have  meaningful 
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implications  for  concentration  measurements  but  can 
affect  LIF  temperature  determinations.38  Levels  with 
higher  N'  live  longer  due  to  the  slower  quenching  and 
longer  radiative  lifetime.  This  ratio  determines  the 
overall  quantum  yield,  which  increases  slightly  with  N' 
in  these  flames.  For  CH,  there  are  no  measurable 
effects  in  the  methane  flame,  but  in  the  propane  and 
acetylene  flames  assumption  of  a  constant  fluores¬ 
cence  quantum  yield  for  all  rotation"!  1ev?!s  car.  result 
in  errors  of  200-400  K  at  2000  K.  The  apparent  tem¬ 
peratures  recorded  from  time-integrated  LIF  excita¬ 
tions  scans  would  always  be  higher  than  the  actual  due 
to  the  increased  signal  when  exciting  high  rotational 
levels.  These  errors  in  temperature  could  have  a  con¬ 
siderable  impact  on  the  ability  to  compare  measured 
profiles  to  the  result  of  flame  chemistry  model  predic¬ 
tions.  All  our  reported  temperature  measurements 
are  obtained  from  excitation  scans  in  which  a  very 
short  boxcar  gate  is  used  to  minimize  this  effect. 

The  results  on  the  electronic-to-electronic  energy 
transfer  from  the  B22~  to  the  A2 A  are  encouraging  for 
detection  of  the  CH  radical  in  particulate-laden  sys¬ 
tems.  Exciting  the  B  state  near  390  nm  and  observing 
the  fluorescence  near  440  nm  from  the  A  state  would 
sliminate  almost  all  scattered  light  problems.  Since 
we  find  the  amount  of  transfer  relatively  independent 
of  flame  conditions,  the  signal  obtained  will  be  a  ade¬ 
quate  representation  of  the  CH  ground  state  concen¬ 
tration  profile.  When  combined  with  the  quantitative 
results  of  Ref.  27,  which  show  that  20%  of  the  initially 
excited  B  9tate  fluoresces  in  the  A  state,  absolute  CH 
concentrations  can  be  estimated. 

We  thank  Dave  Crosley,  Katharina  Kohse-Hoeing- 
haus,  Jay  Jeffries,  and  Greg  Smith  for  many  helpful 
discussions  on  both  the  experiment  and  interpreta¬ 
tion.  We  gratefully  acknowledge  support  for  this  re¬ 
search  by  the  Aero  Propulsion  Laboratory  of  the  Air 
Force  Wright  Aeronautical  Laboratories. 
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Laser-induced  fluorescence  (UF)  provides  a  selective,  sensitive,  and  nonintrusive  means  of  measuring  reactive 
intermediates  in  combustion  chemistry.  This  ankle  examines  ways  in  which  LIF  can  be  used  in  a  semiquantitative 
manner  to  gain  insight  into  certain  features  of  flame  chemistry  mechanisms,  through  concentration  estimates  accurate 
to  within  perhaps  a  factor  of  three.  Experiments  detecting  NH  and  NS  are  described,  and  extensions  of 
semiquantitative  LIF  to  multiple-species  detection  including  two-dimensional  imaging  are  discussed. 


INTRODUCTION 

Chemical  kinetic  processes  govern  or  play  a  major 
role  in  several  key  combustion  problems,  includ¬ 
ing  pollutant  formation  (NO*,  SO*,  soot),  ignition 
and  inhibition  phenomena,  and  the  emission  of 
radiation  in  the  ultraviolet  and  visible.  An  under¬ 
standing  of  the  details  of  the  pertinent  mechanisms 
is  best  achieved  through  detection  of  molecules 
that  are  the  reactive  intermediates  in  those  chemi¬ 
cal  steps.  This  can  be  accomplished  through 
sampling  probe  methods  that  do  not  destroy  those 
intermediates,  such  as  molecular  beam  sampling 
mass  spectrometers,  or  through  spectroscopic 
techniques,  often  involving  lasers.  Each  has  ad¬ 
vantages  and  disadvantages,  as  described  in  an¬ 
other  article  in  this  issue  [1].  The  main  differences 
are  the  generality  afforded  by  mass  spectrometry 
compared  with  the  limited  number  of  molecules 
detectable  with  lasers,  but  on  the  other  hand  the 
exclusive  ability  of  the  laser  techniques  to  make 
instantaneous,  nonintrusive  measurements  includ¬ 
ing  the  simultaneous  mapping  of  an  entire  two- 
dimensional  field. 

For  the  detection  of  intermediates  present  in  low 
concentration,  laser-induced  fluorescence  (LIF)  is 
generally  the  method  of  choice  [2].  The  laser  is 
tuned  so  that  its  wavelength  matches  that  of  an 
absorption  line  of  some  species  of  interest,  elevat- 
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ing  it  to  an  electronically  excited  state  that 
fluoresces.  The  emitted  photons,  which  may  be 
detected  through  a  filter  or  monochromator  to 
provide  further  species  differentiation,  form  the 
signal.  In  addition  to  a  high  degree  of  molecular 
selectivity,  LIF  is  quite  sensitive.  Measurements 
of  small  molecules  at  the  parts-per-million  level 
are  performed  with  relative  ease,  and  meaningful 
measurements  at  the  parts-per-billion  level  can  be 
made.  The  range  of  applicability  of  LIF  is  limited 
by  the  fact  that  the  molecule  of  interest  must 
possess  an  electronic  transition  in  a  wavelength 
region  accessible  to  available  lasers.  In  spite  of 
this,  a  large  number  of  combustion  intermediates 
are  detectable  by  LIF.  Those  containing  one  to 
four  of  the  atoms  H,  C,  O,  N,  and  S  and  which 
have  been  observed  with  the  method  are  listed  in 
Table  1. 

Measurements  of  combustion  intermediates  are 
most  often  used  in  the  form  of  concentration 
profiles  as  a  function  of  distance  above  a  burner. 
In  the  past,  concentration  gradients  were  used  to 
calculate  fluxes  and  deduce  selected  reaction  rates 
[3].  More  typically  now,  the  profiles  are  compared 
with  those  predicted  using  large-scale  computer 
models  [4]  of  the  chemical  reaction  networks, 
sometimes  adjusting  the  rate  constants  to  achieve 
agreement.  Quantitative  comparisons  such  as  these 
often  require  accurate  absolute  concentration  dc- 
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TABLE  1 


Molecules  (1-4  Atoms)  Detectable  by  Laser-Induced 
Fluorescence  That  Are  Intermediates  in  Combustion  Chemistry 


Molecule* 

Excitation 

wavelength 

(nm) 

Molecule' 

Excitation 

wavelength 

(nm) 

H* 

206 

NCO* 

440 

C 

280 

HCO 

615 

O* 

226 

HCN 

189 

N 

211 

HNO* 

640 

S 

311 

NH* 

598 

OH* 

309 

c, 

405 

CH* 

413 

c,o 

665 

NH* 

336 

SjO 

340 

SH* 

324 

SOT 

320 

CN* 

388 

NO* 

590 

CO* 

280 

HSO 

585 

CS 

258 

CS, 

320 

NO* 

226 

n5 

272 

NS* 

231 

NCN 

329 

SO* 

267 

CCN 

470 

or 

217 

HCCO 

310 

S7 

308 

NO, 

570 

CJ 

516 

C,HJ 

220 

CHjO* 

320 

*  An  asterisk  denotes  that  LIF  detection  has  been  performed 
in  a  flame. 


terminations,  which  must  be  approached  with 
considerable  care  [5]. 

LIF  can  also  be  used  in  a  semiquantitative 
manner.  The  simple  presence  of  an  intermediate 
species  in  some  flame,  at  an  estimated  concentra¬ 
tion,  can  signal  important  concepts  concerning  the 
flame  chemistry.  The  relative  concentrations  of 
two  (or  more)  species  can  provide  choices  among 
alternative  reaction  mechanisms.  For  such  pur¬ 
poses,  the  accuracy  of  the  measurement  need  not 
be  high:  knowing  the  concentration  to  within  a 
factor  of  3  or  5  can  be  quite  adequate  in  the  hands 
of  an  insightful  chemist. 

LIF  has,  however,  seldom  been  used  in  this 
way.  The  purpose  of  this  article  is  to  illustrate 
where  a  single,  approximate  LIF  measurement  has 
yielded  important  flame  chemical  mechanistic 
information,  using  two  simple  cases  from  work  in 
our  laboratory.  Extensions  of  these  ideas  to  the 


simultaneous  detection  of  two  or  more  species, 
including  two-dimensional  imaging  measure¬ 
ments,  are  also  discussed. 

We  tm-hasize  that  it  is  often  necessary  to  detect 
species  other  than  the  OH  molecule  in  order  to 
generate  useful  ideas  about  the  flame  chemistry. 
OH  is  the  most  important  molecular  radical  in 
most  flames  and  its  measurement  is  crucial  to  an. 
understanding  of  the  chemistry.  However,  it  alone 
tells  very  little  about  that  chemistry,  because  its 
concentration  often  rises  slowly  through  the  reac¬ 
tion  zone  and  remains  relatively  high  (several 
parts  per  thousand  or  greater)  far  into  the  burned 
gases.  Those  intermediates  that  rise  and  then  fall 
before  or  within  the  reaction  zone  of  the  flame, 
where  the  high-temperature  gradient  occurs,  are 
much  more  revealing.  These  can  include  all  other 
species  (save  for  H  and  O)  in  Table  1 .  Because  OH 
is  important,  is  present  often  at  high  concentra¬ 
tion,  and  is  easy  to  detea,  it  has  been  the  focus  of 
most  LIF  flame  studies.  To  really  understand  the 
chemistry,  however,  other  species  must  be  mea¬ 
sured  besides  this  popular  molecule. 

LIF  SIGNAL  ANALYSIS 

Most  LIF  experiments  have  been  performed  at 
atmospheric  pressure.  The  collision  processes 
occur  so  quickly  that,  during  the  laser  pulse,  the 
excited  state  population  Ne  remains  in  a  steady- 
state  ratio  to  that  of  the  ground  state.  The  LIF 
signal  5  is  given  by 

S=NtATLGVQ,  (1) 

where  A  is  the  Einstein  coefficient  for  emission 
into  the  spectral  region  detected  by  the  phototube, 
V  is  the  volume  probed  by  the  laser,  0  is  the  solid 
angle  collected,  and  tl  is  the  laser  pulse  length.  G 
is  an  apparatus  faaor  comprising  filter  transmis¬ 
sion,  photodeteaor  efficiency  and  gain,  and  elec¬ 
tronic  amplification.  (The  product  GVQ  can  often 
be  calibrated  using  Rayleigh  or  Raman  scattering, 
with  proper  attention  to  wavelength-dependent 
faaors.)  The  excited  state  population  is  deter¬ 
mined  by  a  balance  between  the  rates  at  which  it  is 
pumped  by  the  laser  and  is  removed  due  to 
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radiative,  nonradiadve,  and  collisional  processes: 

BI 

Ne  =  N,f - - - .  (2) 

lgt'g*]BJ+ kr+ +  2j 

i 

B  is  the  Einstein  absorption  coefficient,  /  the  laser 
intensity,  and  kr  and  k^  the  rates  for  radiation  and 
(if  present)  predissociation.  The  sum  over  k^/i,  is 
the  rate  of  collisional  quenching  in  the  mixture  of 
species,  each  having  bimolecular  quenching  rate 
coefficients  kv  and  densities  N,  is  the  ground 
state  concentration  and  /  the  fraction  of  molecules 
in  the  absorbing  vibrational-rotational  level.  The 
term  [gi/gu]B7,  with  lower  and  upper  electronic 
degeneracies  g,  represents  stimulated  emission. 

The  spectroscopic  coefficients  A  and  B  in  Eqs. 
1  and  2  contain  factors  for  Franck-Condon  vibra¬ 
tional  overlap,  rotational  line  strength,  and  the 
total  radiative  rate  kr.  Generally,  these  are  known 
or  can  be  measured  in  separate  experiments 
(usually  not  in  flames).  It  is  the  quenching 
contribution  [6]  to  the  denominator  of  Eq.  2  that  is 
the  most  difficult  to  know  accurately.  Collisional 
quenching  has  been  investigated  thoroughly  for  the 
A  2S+  excited  state  of  the  OH  radical,  and  found 
to  exhibit  a  marked  dependence  on  collision 
partner,  temperature,  and  vibrational  and  rota¬ 
tional  level.  The  combustion  diagnostics  implica¬ 
tions  of  these  studies,  many  of  which  were 
performed  in  our  laboratories,  are  discussed  in  ref. 
7.  There,  quenching  rate  coefficients  k#,  calcu¬ 
lated  using  a  reasonable  collision  model,  are  given 
for  several  colliders  of  combustion  interest  as  a 
function  of  temperature.  It  was  concluded  that,  for 
OH,  the  quenching  can  be  estimated  to  within 
some  30%,  given  some  knowledge  of  the  colli¬ 
sional  environment,  for  example,  from  the  initial 
mixing  ratio  between  fuel  and  oxidant  plus  the 
temperature  at  the  point  the  measurement  was 
taken.  Calculated  quenching  rates  agree  to  within 
this  uncertainty  with  the  direct  measurements 
made  in  flames  at  atmospheric  and  reduced  pres¬ 
sure.  F.r  other  molecules  the  situation  is  not  so 
good,  in  part  because  few  quenching  measure¬ 
ments  have  been  made  at  elevated  temperature. 
Estimates  of  Ik^n,  to  within  a  factor  of  2  or  3  are 


realistic  to  expect  for  H,  O,  NH,  CH,  and  NO;  for 
the  other  atomic  and  molecular  species,  too  little 
appears  generally  known  at  present  to  do  even  this 
well.  Nonetheless,  these  levels  of  accuracy  should 
be  quite  adequate  for  the  purposes  of  semiquantita- 
tive  LIF,  as  described  below. 

LIF  SPECTRA  IN  FLAMES 

In  a  stable  laminar  flame,  LIF  data  are  often  taken 
as  so-called  excitation  scans,  in  which  the  laser  is 
tuned  throughout  some  spectral  region  where  the 
molecule  of  interest  absorbs.  All  (or  some  fixed 
fraction)  of  the  fluorescence  is  detected  each  time 
the  laser,  which  has  a  typical  bandwidth  of  0.3 
cm-1,  overlaps  an  absorption  line.  The  resulting 
pattern  is  characteristic  of  the  absorbing  molecule 
and  is  used  to  provide  unambiguous  identification. 
An  example  is  given  in  Fig.  1,  which  shows  an 
excitation  scan  taken  in  the  reaction  zone  of  a 
methane -oxygen  flame  burning  at  7  tore  pressure. 
This  is  the  R  branch  head  of  the  (0,0)  band  of  the 
B21~  -  X2U  electronic  transition  of  the  CH 
molecule  near  387  nm.  CH  is  present  in  many 
hydrocarbon  flames,  although  the  role  it  plays  is 
not  known,  due  in  large  part  to  a  lack  of 
knowledge  of  its  reaction  rates  at  high  tempera¬ 
ture.  Emission  from  CH  has  been  used  to  mark 
reaction  zones  and  it  has  been  suggested  as  an 
important  participant  in  prompt-NO  production 
through  the  CH  +  N2  reaction. 

The  fluorescence  in  the  entire  (0,0)  B-X  band 
of  CH,  including  the  Q  and  P  branches,  was 
detected.  Note  that  for  this  light  diatomic  hydride, 
all  the  rotational  lines  are  weu  resolved  and  clearly 
identifiable  even  in  this  bandhead  region.  In  this 
case,  the  excitation  scan  has  been  used  to  deter¬ 
mine  the  temperature  at  the  point  of  measurement 
of  the  radical:  the  dashed  line  shows  a  fit  of  the 
entire  spectrum  [8,  9]  to  a  single  temperature, 
using  a  spectral  simulation  computer  code  [9] 
including  the  appropriate  spectroscopic  data  base 
on  line  positions  and  intensities.  Accurate  determi¬ 
nation  of  the  temperature,  even  for  relative  radical 
concentration  measurements,  is  crucial  for  any 
comparison  with  chemical  mechanisms  due  to  the 
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Fig.  1.  Excitation  scan  through  the  A -branch  region,  as  labeled,  of  the  (0.0)  band  of  the 
B2-~-X2U  transition  of  the  CH  molecule.  The  flame  is  CR,/Oj  burning  at  7  torr:  the  detected 
emission  is  that  of  the  entile  band  including  also  the  P  and  Q  branches  at  longer  wavelengths. 
The  scan  is  fit  to  two  parameters,  a  temperature  and  a  linewidth  (assumed  the  same  for  all  lines) 
using  a  simulated  spectrum  calculated  with  a  population  distribution  corresponding  to  that 
temperature.  The  fit  is  shown  by  the  dashed  line. 


highly  nonlinear  temperature  dependence  of  chem¬ 
ical  reaction  rate  coefficients  [9]. 

As  we  move  to  a  polyatomic  radical,  the  spectra 
rapidly  become  more  complex.  The  simplest  such 
situation  is  that  of  a  linear  triatomic,  exemplified 
by  the  NCO  molecule,  for  which  an  excitation 
spectrum  over  the  range  of  a  single  laser  dye  is 
exhibited  in  Fig.  2.  This  A  2E  +  -  X2Tlj  transition 
has  a  rotational  structure  very  similar  to  diatomics 
with  the  same  state  symmetries;  however,  the 
vibrational  pattern  is  much  more  complicated  [10]. 
These  excitation  spectra  were  taken  in  the  reaction 
zone  of  a  CH4/N2O  flame  burning  at  atmospheric 
pressure,  where  NCO  appears  in  copious  quantity; 
the  radical  has  also  been  suggested  as  an  important 
intermediate  in  fuel  nitrogen  production  of  NOx. 
Detection  was  through  a  monochromator  at  440 
nm,  to  filter  out  strong  LIF  signals  due  to  CH,  C2 , 
and  CN,  which  are  concomitantly  excited.  Note 
that  the  top  two  spectra  are  noise-free  at  the 
sensitivity  illustrated. 

The  top  scan  shows  the  overall  pattern,  which 
inc  -eases  sharply  in  intensity  as  one  scans  to 
shorter  wavelengths  through  the  (000-000)  elec¬ 
tronic  origin  band  near  440  nm.  Toward  shorter 
wavelengths,  the  spectrum  quickly  becomes  much 


more  congested  due  to  the  appearance  of  hot 
bands,  that  is,  absorption  of  the  laser  by  excited 
vibrational  levels  of  NCO  in  the  hat  flame.  The 
drop  in  laser  power  for  wavelengths  less  than  430 
nm  accounts  for  the  decrease  in  apparent  intensity 
of  bands  moving  to  yet  shorter  wavelengths.  In  the 
middle  spectrum,  a  4-nm  portion  showing  the  four 
bandheads  of  the  (000-000)  band  is  exhibited;  the 
bottom  panel  is  a  further  expanded  section,  0.45 
nm  in  extent,  which  shows  individual  rotational 
lines  of  the  °P,2  satellite  branch.  (Interestingly, 
this  °P  12  head  is  barely  discernible  in  room 
temperature  LIF  spectra  of  the  radical;  this  is 
because  the  rotational  levels  contributing  in  the 
head  region  have  J  ~  10  and  are  sparsely 
populated  at  300  K.) 

The  overall  pattern  throughout  this  region  is 
complex,  in  large  part  because  vibrationally  ex¬ 
cited  levels  contain  significant  fractions  of  the  total 
NCO  population.  In  order  to  make  measurements 
of  NCO,  even  semiquantitative  ones,  it  is  neces¬ 
sary  to  have  at  hand  assignments  of  the  vibrational 
bands  and  rotational  lines  contributing  to  the 
absorption  and  fluorescence  at  the  laser  and 
detection  wavelengths.  In  the  case  of  this  triatomic 
molecule,  detection  in  hot  bands  to  the  red,  such  at 
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X  nm  420  430  _  440  450  460 


Fig.  2.  Excitation  scans  for  the  /432*-A'Jn,  system  of  the 
linear  Diatomic  radical  NCO,  in  the  reacton  zone  of  an 
atmospheric  pressure  CJVNjO  flame.  The  fluorescence  is 
detected  at  465  nm  (the  000  —  100  band  region)  with  a  4-nm 
bandpass.  Top  spectrum:  total  scan  over  the  entire  range  of  one 
laser  dye  (Coumann  440),  unnormalized  to  laseT  power. 
Middle.  4-tun  portion  showing  the  region  of  the  000  —  000 
band,  with  the  (right  to  left)  Qu  Pu  Pi,  and  °P,2  heads 
marked  by  arrows.  Hot  bands  begin  to  appear  at  wavelengths 
shorter  than  the  Q,  head.  Bottom:  Region  0.45  nm  in  extent 
showing  the  rotational!)  resolved  °P\i  branch,  with  a  head 
having  J  -  70. 


(000)-(100)  at  466  nm,  offers  less  congestion  and 
therefore  less  ambiguity  in  individual  line  assign¬ 
ments  [10]. 

The  situation  continues  with  other  poly  atomics, 
placing  limits  on  the  detectivity  and  selectivity 
which  can  be  obtained.  In  Fig.  3  are  seen  two 
excitation  scans  [11]  of  the  CH20  molecule, 
seeded  into  an  atmospheric  pressure  CHU-air 
flame  at  a  mole  fraction  of  0.5  % .  This  excitation  is 
the  2q5q  band  at  305  nm;  a  few  rotational 
subband  heads  are  marked.  The  bottom  panel 
shows  the  spectrum  in  the  unbumt  gases,  just 
above  the  burner  and  below  the  reaction  zone  of 
the  flame.  The  top  scan  was  taken  higher  in  the 
flame,  where  the  signal-to-noise  ratio  can  be  seen 
to  be  much  smaller. 

Although  some  formaldehyde  has  been  con¬ 
sumed  by  reaction,  a  major  cause  of  the  much 
smaller  signal  levels  (as  witnessed  by  the  lower 
signal-to-noise  ratio)  is  the  dilution  of  the  popula¬ 
tion  over  the  much  larger  number  of  levels.  In 
particular,  the  distinct  bandheads  in  the  lower 
spectrum  arising  from  rotational  levels  highly 
populated  at  room  temperature  become  less  pro¬ 
nounced  in  the  flame  because  those  levels  contain  a 
much  smaller  fraction  of  the  total  population  at  high 
temperatures.  This  fact  can  be  considered  quanti¬ 
tatively  by  an  examination  of  the  partition  func¬ 
tions  for  these  molecules  at  different  temperatures 
in  Table  2.  (Both  CH  and  NCO  have  2n  ground 
states,  with  fourfold  electronic  degeneracy,  which 
accounts  largely  for  the  fact  that  the  total  partition 
function  for  NCO  is  larger  than  that  of  CHjO  at 
the  lower  temperatures.)  Note  that  there  are  some 
500  times  as  many  levels  populated  for  the 
polyatomics  compared  to  CH  at  2000  K;  for 
similar  absorption  strengths  and  quantum  yield 
(which  is  approximately  the  case)  typical  poly¬ 
atomic  signals  will  be  that  much  smaller  for  the 
same  radical  concentration. 

Another  type  of  LIF  flame  experiment  involves 
"fluorescence  scans.”  For  these,  the  laser  wave¬ 
length  is  fixed  upon  one  excitation  line,  and  a 
monochromator  dispersing  the  fluorescence  is 
scanned  to  reveal  the  spectrum  of  the  emined 
fluorescence.  This  spectrum  arises  only  from  the 
initially  excited  level  pumped  by  the  laser,  if  no 
collisional  redistribution  has  occured  in  the  excited 
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HjCO:  2j  sj  band 


Fig.  3.  Excumou  team  of  the  CHjO  molecule  near  318  am,  exciting  the  2'5I  level  of  the 
A'Ai  electronic  state.  The  marked  peaks  arc  /f-bnndi  subband  heads,  formed  from  a 
sequence  of  rotational  levels  J  each  having  a  common  value  of  AT,  the  projection  quantum 
number  along  the  figure  axis  of  the  molecule;  always,  J  2  K.  Bottom:  scan  in  the  cool 
unburned  gases  below  an  atmospheric  pressure  GHL/Ot  flame,  in  which  CH,0  is  seeded  at  a 
concentration  of  0.3%.  Top:  scan  in  the  reaction  zone  of  the  flame.  The  signals  are  much 
weaker  due  to  the  shift  in  population  with  the  increase  in  temperature.  Many  mote  levels  are 
populated  and  there  is  less  population  in  levels  with  smaller  J,  K  that  form  the  band  heads 
prominent  in  this  region. 


state.  It  then  consists  of  the  (typically  three)  strong 
rotational  branches  emitted  by  that  level,  appear¬ 
ing  in  a  series  of  vibrational  bands.  An  example  is 
shown  in  Fig.  4,  for  the  NCO  molecule.  The 
bottom  spectrum  is  a  fluorescence  scan  in  a  low- 


TABLE 2 

Partition  Functions  for  Some  Combustion  Intermediates 


Temperature 

CH 

NCO 

CHjO 

300  K 

30 

4.6x10’ 

1.4x10’ 

1000  K 

170 

1.7x10* 

3.4x10* 

2000  K 

400 

1.8x10’ 

2.1x10’ 

pressure  discharge  flow,  in  which  NCO  is  the  only 
radical  of  consequence  present.  The  spectrum 
shown  is  obtained  by  exciting  the  =  000 

level  of  the  state,  an  electronic  state  different 
from  that  involved  in  the  scans  of  Fig.  2.  Long 
progressions  in  the  three  ground  state  vibrations 
can  be  seen.  In  the  upper  panel  is  a  fluorescence 
scan  exciting  at  the  same  wavelength,  but  this  time 
in  the  CK»/N20  flame.  The  same  progression  of 
bands  can  be  seen,  providing  a  definitive  spectro¬ 
scopic  identification  of  the  molecule  in  this  flame. 
(The  larger  breadth  of  the  bands  in  the  flame  is  due 
to  wider  monochromator  slits.)  However,  lines 
arising  from  simultaneous  excitation  of  the  OH 
and  CN  molecules  are  also  present  in  the  flame. 


E-6 


LASER-INDUCED  FLUORESCENCE  IN  FLAMES 


159 


330  340  350  350  370  380  390 

WAVELENGTH  Inm) 


Fig.  4.  Fluorescence  spears  of  the  NCO  molecule.  Fjcitstioo  is  to  the  viujwj  •*  000  level  of 
the  B'n.  electronic  state  of  the  radical  near  315  ttm,  and  a  monochromator  dispersing  the 
fluorescence  is  scanned,  showing  a  series  of  transitions  to  vibnhonal  levels  (as  numbered!  in 
the  lower  electronic  state.  Bottom:  fluorescence  scan  in  a  low-pressure  discharge  flow  system 
in  which  NCO  is  the  only  radical  present  in  appreciable  quantity.  Top:  fluorescence  scan  in  as 
atmospheric  pressure  CR,/N,0  flame,  with  the  same  exettatioo.  By  the  characteristic 
fluorescence  pattern  NCO  can  be  distinguished  even  though  there  are  interferences  due  to  OH 
and  CN  absorbing  at  the  same  wavelength.  Observation  of  the  201  or  102  band  at  366  or  374 
tun.  respectively,  appears  the  best  for  detection  of  NCO  in  the  presence  of  these  diatomics. 


Tuning  the  monochromator  to,  for  example,  the 
201  band  or  the  102  band  will  permit  the  detection 
of  NCO  without  interference  from  the  diatomics. 
This  can  be  necessary  because  of  the  much 
stronger  signal  from  the  diatomics  for  comparable 
line  strengths,  as  noted  above.  Without  selective 
detection  the  diatomic  signals  can  mask  those  of 
the  polyatomics.  Later,  however,  we  shall  see  how 
this  overlap  in  excitation  might  be  exploited  to 
learn  about  flame  chemistry. 

During  the  time  the  molecule  resides  in  the 
upper  electronic  state,  it  may  suffer  collisions  that 
leave  it  excited  but  in  a  different  internal  (vibra¬ 
tional-rotational)  level  from  the  one  originally 
pumped  by  the  laser.  In  this  case  fluorescence 
scans  can  be  used  to  study  that  collisions]  redis¬ 
tribution  of  tbe  excited  state  population.  An 
example  is  shown  in  Fig.  5,  which  is  a  rotationally 
resolved  fluorescence  scan  for  the  B  state  of  the 
CH  radical  in  an  atmospheric  pressure  CH4/O2 
flame  [12].  The  initially  excited  rotational  level 
remains  the  most  highly  populated.  There  is 
competition  between  rotational  energy  transfer 
(which  redistributes  the  population)  and  quenching 


(which  removes  it  from  the  excited  state  and 
freezes  the  distribution).  Similar  studies  on  OH 
[13,  14],  CH(A)  [12,  15],  and  CN  [16]  show  that 
rotational  thermalization  is  also  not  achieved  in 
those  molecules.  Such  effects  must  be  taken  into 
account  to  determine  the  effective  quantum  yield 
within  tbe  spectral  bandpass  employed  to  obtain 
quantitative  measurements  of  concentration  and 
temperature  [6]. 

SemiquantiUtive  Detection  of  NH  and  NS 

Equations  1  and  2  contain  the  parameters  neces¬ 
sary  to  obtain  measurements  of  molecular  species 
in  flames  using  LIF.  The  Einstein  coefficients  for 
absorption  and  emission  contain  Franck-Condon 
vibrational  overlap  and  rotational  line  strength 
factors  that  arc  available  from  spectroscopic  mea¬ 
surements  in  flow  cells  and/or  flames.  The  overall 
radiative  rate  k,  and  bimiolecular  quenching  rate 
coefficients  kg  are  usually  obtained  from  low 
pressure  experiments  if  available,  although  only 
for  OH  and  to  a  lesser  degree  NH  and  CH  does 
sufficient  information  [7]  exist  to  permit  n  calcula- 
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tion  of  the  sum  for  actual  flame  conditions.  It  is 
generally  the  quenching  contribution  to  Eqs.  1  and 
2  that  is  most  uncertain;  in  spite  of  that  fact,  useful 
information  can  still  be  obtained  from  intermediate 
species  LIF  measurement.  We  illustrate  this  point 
with  two  examples. 

The  first  consists  of  measurements  on  the  NH 
radical  made  in  a  CR«/N20  flame  [6],  Because  the 
N-N  bond  strength  in  N20,  4.93  eV,  is  much 
stronger  than  the  1.68  eV  bond  strength  of  the  N- 
O  bond,  the  most  obvious  chemical  mechanism 
would  involve  splitting  off  an  oxygen  atom  to 
oxidize  the  hydrocarbon.  Now  it  has  long  been 
known  [17]  that  the  emission  spectrum  of  hydro¬ 
carbon-nitrous  oxide  flames  includes  band  sys¬ 
tems  of  the  molecules  NO,  CN,  NH,  and  NH2  in 
addition  to  those  from  OH  and  CH;  the  former  set 


Fig.  5.  Rouconaily  resolved  fluorescence  spectrum  of  the  CH 
B-X  (0,0)  band  following  excitation  of  the  S'  *>  6  rotational 
level  in  the  excited  state.  The  PtodQ  branch  lines  emitted  by 
the  initially  pumped  level  can  be  distinguished.  The  other 
levels,  most  evident  in  the  P  branch,  have  been  populated  by 
coUisiooal  rotational  energy  transfer  with  the  gases  of  this  rich 
atmospheric  pressure  CH*/N]/0?  flame.  Quenching,  which 
removes  the  emitting  Estate  altogether,  occurs  competitively 
with  rotational  energy  transfer.  Thus,  the  distribution  is  neither 
that  of  the  initially  excited  level  alone  nor  a  rotationaily  thermal 
distribution. 


of  molecules  can  be  produced  only  through  break¬ 
age  of  the  much  stronger  N-N  bond.  On  the  other 
hand,  such  emission  may  well  arise  from  direct 
chemiluminescent  formation  of  the  excited  emit¬ 
ting  states  within  the  flame,  and  may  not  be  a  valid 
indicator  of  the  chemically  important  ground  state 
concentrations. 

LIF  can  supply  the  proper  measure  of  the 
chemically  relevant  ground  state,  for  it  is  that  state 
that  absorbs  the  laser  radiation.  Excitation  scans 
were  taken  of  both  OH  and  NH  in  the  luminous 
zone  of  the  flame.  At  the  time  (early  1980)  that 
this  experiment  was  performed,  little  was  known 
concerning  the  quenching  of  A  3 II,  NH  and  noth¬ 
ing  was  known  about  high-temperature  quenching 
of  either  radical.  Nonetheless,  the  simple  assump¬ 
tion  was  made  that  the  quantum  yield  at  atmo¬ 
spheric  pressure,  Q/A  =  Sk^n./A,  was  the 
same  for  both  species.  Together  with  known 
spectroscopic  data,  the  concentration  ratio  [NH]/ 
[OH]  —  0.04  was  obtained.  A  separate  absorption 
measurement  showed  that  OH  was,  as  usual, 
present  at  high  levels,  -7  x  1013  cm  3.  The 
inferred  concentration  of  NH  is  then  3  x  10 u 
cm-3,  quite  ample  to  be  of  chemical  significance. 
This  finding  has  been  important  in  setting  the 
entire  stage  for  the  consideration  of  the  chemistry 
of  hydrocarbon-nitrous  oxide  flames,  showing 
that  it  would  be  imprudent  to  ignore  the  role  of 
radicals  produced  following  breakage  of  the  N-N 
bond  of  the  N20. 

Subsequent  to  this  simple  experiment  and  analy¬ 
sis  [6],  a  measurement  [18]  of  NH  in  such  a  flame 
was  performed  using  absorption,  which  does  not 
rely  on  a  quenching  estimate.  The  result,  also  3  x 
10M  cm"3,  agrees  better  with  our  determination 
than  the  approximation  on  Q/A  warrants.  In  fact,  a 
much  more  recent  set  of  measurements  in  low- 
pressure  flames  [5,  19]  indicates  that  Q/A  is 
probably  smaller  for  NH  than  for  OH  by  about  a 
factor  of  3.  Nonetheless,  chemical  models  of  such 
flames  now  include  pathways  for  generation  and 
reaction  of  NH,  as  they  should.  (What  such 
pathways  should  be  is  not  yet  dear;  it  was  in  fact 
ambiguity  among  the  possibilities  which  led  to  the 
postulation  and  successful  search  for  NCO  in  such 
flames  [10,  20].) 

A  more  recent  example  is  that  of  the  NS 


E-8 


LASER-INDUCED  FLUORESCENCE  IN  FLAMES 


161 


molecule  [21].  NS  had  been  observed  previously 
only  in  spectroscopic  experiments  in  discharges, 
and  never  in  flames;  it  had  only  rarely  [22]  been 
considered  as  a  potential  flame  intermediate.  We 
wondered  whether  NS  might  be  present  in  flames 
of  hydrocarbons  containing  fuel  sulfur  and  fuel 
nitrogen,  which  are  often  combined  in  coals.  If  so, 
it  could  be  a  link  between  the  cycles  that  produce 
NO,  and  SO,. 

Our  studies  of  NS  began  with  a  series  of 
spectroscopic  [23]  and  quenching  measurements 
[24],  in  a  microwave  discharge  in  N2  mixed  with 
SC12  in  a  flow  cell  at  low  pressure  and  room 
temperature.  An  excitation  scan  through  the  (0,0) 
vibrational  band  of  the  C2X’  -  X2U  transition  is 
shown  in  the  upper  panel  of  Fig.  6.  The  individual 
rotational  lines  can  be  assigned  and  analyzed;  the 


four-headed  pattern  is  the  same  as  those  seen  in  the 
similar  2-II  transitions  of  NCO  and  CH  illustrated 
earlier. 

A  small  burner  was  then  positioned  in  place  of 
the  flow  system  and  used  to  burn  a  CH4/N2O 
mixture  seeded  with  SF6.  The  resulting  excitation 
scan,  with  the  laser  beam  focused  into  the  flame- 
front  region,  is  shown  in  the  lower  panel  of  Fig.  6. 
This  is,  unambiguously,  the  same  molecule  that 
had  been  detected  under  well-controlled  conditions 
in  the  flow  system,  clearly  illustrating  the  selectiv¬ 
ity  of  the  LIF  method.  The  larger  number  of  lines 
in  the  flame  spectrum  is  due  to  the  higher 
temperature  and  consequently  larger  fractional 
population  in  higher  rotational  levels. 

For  more  careful  measurements,  we  formed  a 
simulated  coal  flame  from  methane  burning  in 
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Fig.  6.  Excitation  scans  for  the  NS  molecule,  in  the  (0,0)  vibrational  band  of  the  C-X 
transition.  Four  prominent  band  heads  and  many  individual  rotational  lines  are  evident.  Top: 
NS  in  a  room  temperature  flow  system,  produced  in  a  microwave  discharge  in  N2  and  SCI; . 
Bottom:  NS  in  an  atmospheric  pressure  CH«/NjO  flame  seeded  with  SF(.  Scans  in  CH./O2 
flames  seeded  with  HjS  and  NH,  appear  identical.  The  flame  species  can  be  unambiguously 
identified  as  NS  by  the  characteristic  spectrum;  the  larger  number  of  rotational  lines  in  the 
flame  scan  is  due  to  the  higher  temperature. 
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oxygen  containing  minor  amounts  of  NH3  and  H?S 
to  represent  fuel  nitrogen  and  sulfur.  NS  was 
observed  in  all  such  flames,  and  even  in  a  flame  of 
pure  natural  gas  burning  in  N30;  here,  the  sulfur 
source  was  the  2  ppm  of  methyl  mercaptan  added 
by  the  utility  company  to  produce  a  noticeable 
odor. 

Just  finding  the  NS  raises  interesting  questions, 
but  even  more  useful  would  be  estimates  of  its 
absolute  concentration.  For  this  purpose,  it  was 
necessary  to  estimate  many  of  the  parameters  in 
Eqs.  1  and  2,  including  seeking  analogies  with  the 
collisional  behaviour  of  other  molecules.  The 
choices  are  described  in  detail  in  ref.  21.  The 
Einstein  A  emission  coefficient  was  taken  from  an 
ab  initio  quantum  chemical  calculation;  together 
with  our  measured  Franck-Condon  factors  [23] 
and  calculated  rotational  line  strengths,  these  also 
furnished  absorption  coefficients  B.  The  decay  of 
the  C2S’  state  of  NS  is  governed  by  predissocia¬ 
tion,  with  an  effective  lifetime  of  6  ns  measured  by 
magnetic  depolarization  (Hanle  effect),  which  is 
too  fast  for  direct  observation  by  our  detection 
electronics.  The  major  uncertainty,  however,  is 
posed  by  the  fact  that  quenching  of  the  C  state  of 
NS  has  never  been  measured.  We  estimated  it  by 
analogy  to  quenching  results  on  NO  and  PO,  as 
well  as  our  measurements  [24]  on  the  B2Tl  state  of 
NS  itself. 

A  careful  consideration  of  all  the  uncertainties 
involved  in  the  estimates,  together  with  experi¬ 
mental  error  bars,  led  to  an  overall  uncertainty  of  a 
factor  of  three  in  the  absolute  concentrations  of  NS 
measured  in  these  flames.  How  good  is  a  measure¬ 
ment  to  within  a  factor  of  three?  When  the 
molecule  has  never  before  been  observed  in  a 
flame,  it  can  be  quite  revealing.  In  some  of  the 
flames,  the  steady-state  NS  concentration  was 
measured  to  be  as  much  as  5%  of  the  total  added 
sulfur.  Even  with  a  range  of  2  %- 15  % ,  this  means 
that  a  very  large  fraction  of  the  fuel  sulfur  is  being 
processed  through  this  one  radical.  With  this 
estimate  of  the  total  concentration,  together  with 
the  fact  that  the  NS  signal  disappeared  rapidly 
when  the  laser  beam  was  moved  into  the  burned 
gases,  we  deduced  that  NS  was  removed  primarily 
by  a  reactant  present  at  a  few  tenths  of  a  mole 
percent,  and  produced  by  a  reaction  between  some 


radical  present  at  10  ppm  or  more  and  a  stable 
species  present  at  0. 1  %  or  greater.  The  conclusion 
is  that  NS  may  be  an  important  reaction  intermedi¬ 
ate  in  the  reducing  atmosphere  of  rich  hyrocarbon 
flames  with  fuel  nitrogen  and  fuel  sulfur.  It  may. 
play  a  major  role  in  NOr-SO,  interaction  chemis¬ 
try.  This  simple  observation  of  NS  does  not  prove 
that  role,  but  clearly  indicates  further  measure¬ 
ments  of  reaction  rates  and  studies  in  flames  are 
needed 

This  observation  of  NS,  a  new  radical  in 
combustion  chemistry,  illustrates  the  type  of  ideas 
and  insights  that  one  can  obtain  using  semiquanti- 
tative  LIF  in  flames.  Although  estimates  were 
necessary  for  some  parameters  in  the  analysis,  the 
concentration  values  deduced  are  accurate  enough 
to  raise,  if  not  answer,  important  questions  about 
the  flame  chemical  mechanism. 

MULTIPLE  SPECIES  LASER-INDUCED 
FLUORESCENCE 

The  detection  of  a  single  species  in  a  flame  can 
provide  valuable  insight  into  the  flame  chemistry, 
as  shown  by  the  preceding  examples  of  NH  and 
NS.  Even  more  informative  can  be  the  detection  of 
more  than  one  type  of  molecule  at  the  same  point 
and  the  same  time.  For  example,  whether  CN 
precedes  NH  in  a  CH*/N30  flame  may  disclose 
the  rate  of  attack  of  nitrogen  atoms  or  nitric  oxide 
molecules  on  methane  compared  with  that  of 
hydrogen  atoms  reacting  with  the  nitrous  oxide.  In 
those  few  cases  in  which  such  measurements  have 
been  made,  the  approach  has  been  the  sequential 
use  of  different  excitation  wavelengths,  even 
different  lasers,  each  optimized  for  one  of  the 
desired  species.  Because  beam  sizes  and  diver¬ 
gences  are  different,  considerable  care  must  be 
taken  to  ensure  that  the  same  volume  is  probed  Dy 
each  laser.  An  imprecise  match  can  render  mean¬ 
ingless  any  comparison  with  calculated  flame 
chemistry  models.  This  problem  can  be  greatly 
exacerbated  in  attempts  to  make  measurements  in 
turbulent  flames,  where  each  laser  must  be  fired 
simultaneously  and  sample  the  same  spatial  region 
of  the  flame  despite  severe  optical  inhomoge¬ 
neities. 

We  took  a  different  approach  [25],  seeking 
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particular  laser  wavelengths  at  which  more  than 
one  species  could  be  excited.  The  objective  is  to 
use  one  laser  at  one  wavelength  to  detect  two  or 
more  molecules  in,  necessarily  therefore,  the  same 
probed  volume.  This  series  of  experiments  was 
performed  in  a  CR,/N20  flame  burning  at  atmo¬ 
spheric  pressure  on  a  small  glassblowing  torch. 
We  have  already  seen  that  in  this  flame  there  exist 
many  different  reactive  radicals,  so  it  provided  a 
fertile  test  system  to  develop  the  method. 

In  the  spectral  region  near  315  nm  exist  elec¬ 
tronic  transitions  of  the  intermediates  OH,  NH, 
CH,  CN  and  NCO.  Several  of  the  individual 
absorption  lines  of  these  molecules  overlap  within 
the  Doppler  width  of  typically  0.2  cm'1,  which 
approximately  matches  the  0.3-cm  '  1  bandwidth  of 
typical  commercial  lasers.  This  permits  the  con¬ 
current  detection  of  these  species  using  spectrally 
dispersed  or  Altered  fluorescence.  We  have  al¬ 
ready  seen  an  example  of  such  overlap  in  the  flame 
fluorescence  spectrum  in  Fig.  4,  in  which  OH  and 
CN  were  excited  together  with  NCO.  Between  280 
and  320  nm,  there  are  many  wavelengths  at  which 
two  molecules  of  the  set  of  diatomics  absorb  and  a 
few  where  three  can  be  detected.  NCO  is  also 
included  near  315  nm. 

At  one  wavelength,  312.22  nm,  there  exists  an 
overlap  of  absorptions  by  the  important  hydrides 
NH,  CH  and  OH;  CN  can  also  be  observed 
nearby.  Figure  7  exhibits  five  repeated  excitation 
scans  over  the  «ame  wavelength  region,  selectively 
detecting  in  turn  each  of  these  species.  In  Fig.  7a, 
the  OH  (0,1)  A-X  band  is  observed  in  the 
monochromator;  the  largest  feature  is  the  Pj  (7) 
line  of  the  (0,0)  excitation.  The  smaller  lines 
belong  to  (1,1)  and  are  observed  following  v'  =  1 
-*  0  energy  transfer  in  the  flame.  This  is  clear 
from  Fig.  7b,  where  the  (1,2)  band  is  detected  and 
these  (1,1)  excitation  lines  stand  out  prominently. 
In  Fig.  7c,  CN  fluorescence  near  388  nm  is 
detected.  Most  of  this  spectrum  tracks  that  of  OH 
in  Figs.  7a  and  7b  and  is  due  to  a  transfer  of 
electronic  energy  from  excited  OH  to  CN  in  the 
flame.  Some  of  the  excitations  mapped  are  those  of 
the  so-called  tail  bands  of  the  CN  B-X  system. 
These  two  causes  of  CN  excitation  can  be  sepa¬ 
rated  by  the  choice  of  detection  wavelength,  as 
seen  below.  In  Fig.  7d,  the  A-X  system  of  NH  at 


Fig.  7.  Excitation  spectra  over  the  same  laser  wavelength 
region  but  detecting  at  different  fluorescent  wavelengths  to 
measure  various  radicals  in  the  reaction  zone  of  an  atmospheric 
pressure  CHa/N20  flame.  The  arrow  at  the  bottom  denotes  the 
wavelength  where  all  excitations  overlap,  used  for  the  fluores¬ 
cence  scan  in  Fig.  8.  (a)  Detection  at  X*  «  348  nm  to  observe 
excitation  in  the  (0,0)  band  of  OH.  (b)  A*  «  333  nm  to  observe 
excitation  in  the  (1,1)  band  of  OH.  (c)  X*  *  388  nm  to  observe 
the  (0,0)  and  (1,1)  bands  of  CN,  created  by  excitation  transfer 
from  OH;  compare  with  Figs.  7a  and  7b.  The  much  smaller 
lines  between  312. 10  and  312. 13  nm  are  direct  excitation  of  the 
tail  bands  of  CN.  (d)  A*  «=  337  nm  to  observe  excitation  in  the 
NH  A-X  system,  with  the  most  prominent  lines  seen  the  P(N' 
■  12)  triplet  of  the  (2,1)  band.  (e)A*  -  431  nm  to  observe  A- 
X  emission  from  CH  resulting  from  energy  transfer  following 
excitation  in  the  (0,0)  and  (1,1)  bands  of  the  C-X  transition. 
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Fig.  S.  Fluorescence  scan  following  eiriarioc  in  (he  CHi/NjO  flame  at  312.22  mn.  as 
denoted  by  die  arrow  in  Fig.  7e.  Directly  excited  LIF  from  OH,  NH,  and  CN  can  be  seen.  The 
CH  results  float  C  —  A  coDiskmtl  energy  transfer  foflowing  escitanoo  of  the  C 

state.  The  large  CN  feature  has  r~*i  peaks.  ihai  at  shoner  waveiuigtn  a  an ea  wtcnatiwi  of  the 
v'  *■  3  and/or  4  levels  of  the  B  state,  and  the  emission  at  388  am  results  float  energy  transfer 
flora  OH  excited  by  the  laser. 


336  nm  is  selectively  detected;  the  prominent 
excitation  here  is  the  P  branch  triplet  for  N"  =  12 
in  the  (2,1)  band.  In  Fig.  7e,  an  excitation  scan  of 
the  CH  C-X  system  is  seen,  monitored  via  energy 
transfer  of  the  radical  into  the  emitting  A2  A  state. 
The  doublet  is  the  R  branch  set  for  N'  «=  7  in 
(0,0)  and  the  weaker  lines  belong  to  (1,1). 
Attempts  to  directly  detect  CH  C2£+  emission 
near  314  nm  were  swamped  by  signal  from  OH  in 
the  same  region,  and  the  electronic -to-electronic 
energy  transfer  was  exploited  to  selectively  ob¬ 
serve  CH. 

At  312.22  nm,  denoted  by  the  arrow  in  Fig.  7e, 
all  four  of  these  species  are  resonantly  excited. 
With  the  laser  tuned  to  this  wavelength,  the 
fluorescence  scan  of  Fig.  8  was  taken.  Emission 
from  each  of  the  diatomic  species  can  be  seen.  In 
the  tallest  feature,  labeled  CN,  the  direct  excita¬ 
tion  is  the  peak  at  shorter  wavelength,  while  the 
higher  one  to  the  red  results  from  energy  transfer 
from  OH. 

These  spectroscopic  coincidences  will  permit 
instantaneous  correlation  measurements  among 
different  species  in  pointwise  or  imaging  (see 
below)  flame  experiments.  They  avoid  the  compli¬ 
cations  of  alignment  of  two  separate  laser  beams 
and  the  accompanying  variation  in  spatial  and 


temporal  profiles  of  each  pulse.  This  can  be  useful 
in  a  stable,  laminar  flame,  and  is  probably 
essential  in  die  study  of  the  chemistry  of  turbulent 
combustion.  A  single  optical  system  could  be  used 
to  collect  the  fluorescence.  The  light  emitted  by 
each  species  would  be  directed  onto  a  separate 
detector  using  beamsplitters  and  appropriate  filt¬ 
ers.  The  throughput  of  such  a  system  is  much 
higher  than  that  of  the  monochromator  used  for  the 
scan  in  Fig.  £,  and  will  yield  correspondingly 
higher  signal  levels. 

In  turbulent  flames,  where  the  conditions  at  a 
given  point  change  rapidly  with  time,  measure¬ 
ments  made  upon  successive  laser  pulses  can  be 
related  only  in  a  statistical  fashion.  This  is  true  of 
course  for  measurements  of  one  as  well  as  several 
intermediate  chemical  species.  Because  of  the 
complex  and  highly  nonlinear  aspects  of  flame 
chemistry,  attempts  to  relate  statistical  averages  of 
one  radical,  e.g.,  CN,  to  another  such  as  OH  are 
not  likely  to  be  very  useful  for  developing  insight 
into  that  chemistry.  The  technique  of  two-dimen¬ 
sional  fluorescence  imaging  [26]  was  developed  in 
order  to  provide  an  instantaneous  spatial  distribu¬ 
tion  of  the  measured  radical,  avoiding  ambiguities 
in  a  statistical  analysis.  By  tuning  the  laser  so  that 
more  than  one  species  is  excited,  and  focusing  the 
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light  through  beamsplitters  onto  different  diode 
array  detectors,  one  could  obtain  correlated  spatial 
distributions  of  different  radicals,  results  that 
should  be  extremely  informative  concerning  the 
chemical  mechanism  involved. 

A  simple  example  of  what  one  might  do  is 
illustrated  by  two-dimensional  LIF  imaging  of  the 
CH  radical  in  a  flame  [27].  This  experiment  was 
performed  in  a  stable  laminar  flame  using  two 
different  lasers  and  the  data  were  taken  sequen¬ 
tially,  not  simultaneously.  Nonetheless,  the  tech¬ 
nique  of  multiple  species  detection  at  a  single  laser 
wavelength  could  be  used  for  the  purpose.  Each 
laser  beam  was  formed  »r‘e  a  *heet  of  radiation  in 
a  now-standard  fashion  [26],  slicing  through  a 


Fig.  9.  Composite  results  from  OH  and  CH  two-dimensional 
UF  imaging  experiments  in  the  tip  of  a  glassblowing  torch 
flame,  burning  CH,  and  O]  at  atmospheric  pressure.  Each  track 
represents  the  intensity  across  a  horizontal  segment  of  the 
vidicon  face.  The  distances  marked  are  those  in  the  flame;  the  y 
axis  is  stretched  and  skewed  for  clarity.  Each  track  represents  a 
sum  over  1  mm  vertical  spatial  resolution  while  the  horizontal 
resolution  is  0.1  nun.  The  lines  represent  the  OH  distribution, 
with  a  maximum  in  the  burned  gases,  and  the  filled-in  profiles 
sre  those  of  CH,  which  exists  primarily  in  the  flame  front 
region.  These  are  sequential  experiments,  each  averaging  over 
seven  User  pulses;  for  measurements  in  a  time-varying  system 
such  as  a  turbulent  flame,  a  single  pulse  of  i  User  tuned  to 
overlapping  transitions  of  the  two  species  would  be  used. 


small  atmospheric  pressure  CH4/O2  flame  on  a 
glassblowing  torch.  The  data  are  plotted  as  con¬ 
centration  profiles  in  Fig.  9.  Each  line,  or  track, 
shows  the  distribution  across  the  flame  at  a 
particular  height  above  the  burner.  The  lines 
extending  to  the  edge  of  the  frame  are  OH, 
whereas  those  profiles  filled-in  (for  distinction) 
are  CH.  A  spatial  point  consists  of  a  box  0.1  mm 
in  the  x  direction  and  1  mm  in  the  y  direction. 

It  is  clear  from  these  distributions  that  measure¬ 
ments  of  OH  and  of  CH  provide  very  different 
information  about  the  flame  chemistry.  The  OH 
tells  us  primarily  where  the  burned  gases  are,  that 
is,  where  the  chemical  reactions  have  already 
occurred.  On  the  basis  of  OH  alone,  it  is  very 
difficult  to  distinguish  die  reaction  zone.  CH,  in 
contrast,  is  near  the  flame  front  and  reveals  where 
the  combustion  chemistry  is  now  taking  place.  To 
obtain  a  complete  picture  of  the  flame  chemistry, 
one  that  is  both  current  and  historical,  the  mea¬ 
surement  of  both  species  is  necessary. 

This  distinction  between  OH  and  CH  was 
evident  from  prior  knowledge  about  the  conical 
flame  shape  in  this  stable,  laminar  system.  In 
dealing  with  a  tune-varying  system  like  turbulent 
combustion  or  explosion,  this  simple  information 
concerning  where  the  flame  chemistry  is  occurring 
and  has  taken  place  could  be  valuable  in  compar¬ 
ing  with  models  of  turbulent  combusting  flows 
[27].  For  these  conditions,  a  single  laser  tuned  to  a 
CH/OH  overlap  and  a  pair  of  array  detectors  are 
needed  to  obtain  properly  correlated  measure¬ 
ments. 

The  data  exhibited  in  Figs.  7-9  are  LIF  signals 
uncorrected  for  quenching.  To  be  carefully  quanti¬ 
tative,  one  would  need  to  know  the  flame  environ¬ 
ment  for  each  point  at  which  the  measurement  is 
made.  Obviously,  this  cannot  be  done  for  the  case 
of  an  instantaneous  image  in  a  time-varying  flame. 
The  situation  can  be  ameliorated  by  operating 
under  optical  saturation  conditions  [28],  although 
problems  are  then  introduced  concerning  the  size 
and  shape  of  the  volume  probed.  Nonetheless, 
relating  an  instantaneous  LIF  image  to  the  desired 
radical  ground  state  concentrations  will  remain 
semiquantitative.  As  we  learn  more  about  quench¬ 
ing  under  differing  flame  conditions  [5, 7, 19],  we 
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can  place  closer  limits  on  the  uncertainties  intro¬ 
duced  by  such  estimates. 

CONCLUSION 

Laser-induced  fluorescence  measurements  of  radi¬ 
cal  intermediates  are  usually  obtained  in  the  form 
of  profiles,  often  solely  for  OH  but  sometimes 
including  other  species,  for  comparison  with 
computer  calculations  of  detailed  flame  chemical 
mechanisms.  We  have  seen  that  LIF  can  also  be 
used  in  a  quite  different  way,  to  detect  and  make 
semiquantitative  measurements  of  one  or  more 
particular  reactive  species.  Such  information,  even 
the  presence  alone  of  some  radical,  can  lead  to 
insight  into  the  flame  chemistry.  Examples  were 
offered  by  the  detection  of  the  NH  radical  in  CH«/ 
N20  flames,  showing  that  the  chemistry  involves 
breakage  of  the  N-N  bond  in  the  oxidant,  and  the 
finding  of  NS  in  copious  quantity  in  simulated  coal 
flames,  raising  important  questions  about  its  role 
in  interactions  between  the  NOx-SOx  formation 
mechanisms.  Particularly  useful  would  be  the 
measurement  of  more  than  one  intermediate  spe¬ 
cies  simultaneous  in  position,  and  also  in  time  for 
rapidly  varying  processes.  Hie  successful  search 
for  wavelengths  at  which  more  than  one  radical 
can  be  detected  using  selectively  filtered  fluores¬ 
cence  detection  provides  the  means  for  such  an 
experiment.  The  method  could  even  be  extended 
to  simultaneous  two-dimensional  imaging  in  time- 
variant  systems,  to  obtain  correlations  concerning 
the  chemical  mechanism  and  the  flow  dynamics; 
an  example  of  very  simple  information  of  that  type 
was  afforded  by  images  of  CH,  which  mark  the 
zone  of  reaction  in  a  CH^/Oj  flame,  and  OH, 
which  show  where  the  reaction  has  already  oc¬ 
curred. 

As  our  chemical  knowledge  advances,  one 
wishes  of  course  to  improve  the  level  of  accuracy 
of  the  corresponding  LIF  measurements.  Where 
possible,  quantitative  comparison  with  mechanis¬ 
tic  evictions  is  the  goal.  Continued  investiga¬ 
tions  of  the  spectroscopy  and  .  oilisiooal  behavior 
of  key  radical  species  ensure  that  such  progress 
will  occur.  However,  it  is  important  to  identify 
those  key  species  on  which  to  concentrate  such 
efforts.  This  can  be  done  by  careful  considerations 


of  the  flame  chemistry,  coupled  with  semiquantita¬ 
tive  detection  of  new  species  as  discussed  here. 
Such  measurements  will  not  merely  identify  new 
species  as  for  NS;  they  can  also  help  formulate 
questions  leading  to  a  search  for  other  intermedi¬ 
ates  from  mechanistic  considerations,  e.g.,  the 
detection  of  NH  leading  to  an  inquiry  about  NCO. 
Progress  in  our  understanding  of  combustion 
chemistry  will  result  from  a  thoughtful  combina¬ 
tion  of  both  semiquantitative  and  quantitative 
measurements  of  reactive  flame  intermediates. 
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LASER-INDUCED  FLUORESCENCE  DETERMINATION  OF 
TEMPERATURES  IN  LOW-PRESSURE  FLAMES 


Laser-Induced  Fluorescence  Determination  of 
Temperatures  in  Low-Pressure  Flames 
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ABSTRACT 

Spatially  resolved  temperatures  in  a  variety  of  low-pressure  flames  of  hydrogen  and 
hydrocarbons  burning  with  oxygen  and  nitrous  oxide  are  determined  from  OH,  NH,  CH, 
and  CN  laser-induced  fluorescence  rotational  excitation  spectra.  Systematic  errors  arising 
from  spectral  bias,  time  delay,  and  temporal  sampling  gate  of  the  fluorescence  detector  are 
considered.  In  addition,  we  evaluate  the  errors  arising  from  the  influences  of  the  optical 
depth  and  the  rotational  level  dependence  of  the  fluorescence  quantum  yield  for  each 
radical.  These  systematic  errors  cannot  be  determined  through  goodness-of-fit  criteria,  and 
they  are  much  larger  than  the  statistical  precision  of  the  measurement.  The  severity  of  these 
problems  is  different  for  each  radical;  careful  attention  to  the  experimental  design  details  for 
each  species  is  necessary  to  obtain  accurate  LIF  temperature  measurements. 
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I.  Introduction 


Laser-induced  fluorescence  (LIF)  is  an  ideal  diagnostic  technique  for  the 
measurement  of  the  concentrations  of  a  variety  of  small  free  radical  molecules  which  are 
important  reaction  intermediates  in  combustion  chemistry.1  Diatomic  hydride  radicals  such 
as  OH,  NH,  and  CH,  with  their  easily  accessible  excited  electronic  states,  are  readily 
observed  by  LIF  in  flame  experiments.  Although  the  OH  radical  has  been  the  subject  of  the 
largest  number  of  studies,  simultaneous  measurements  of  other  species  are  needed  to 
answer  detailed  questions  about  the  flame  chemistry.  For  example,  the  NH  radical,  unlike 
OH,  is  present  only  in  the  reaction  zone  and  is  an  important  intermediate  in  the  production 
of  NOx  in  flames  containing  either  fuel  nitrogen  or  oxidizers  such  as  NO2  or  N2O.  Prompt 
NO  production  is  initiated  by  the  reaction  of  CH  with  N2.  In  addition,  CH  emission  and 
fluorescence  are  often  used  for  diagnostics  of  the  reaction  zone  of  hydrocarbon  flames. 
Besides  the  hydride  radicals,  the  CN  radical  is  another  important  intermediate  species  in 
NOx  production. 

The  spatial  variation  of  the  concentration  of  diatomic  radicals  in  stable  laminar 
flames  can  be  predicted  by  computer  model  calculations  and  measured  by  LIF.2  A 
comparison  of  the  predicted  and  measured  variations  of  radical  concentrations  with  position 
in  the  flame  provides  a  sensitive  test  of  the  chemical  mechanism  used  in  the  model. 
Quantitative  comparisons,  whether  on  an  absolute  or  relative  basis,  require  knowledge  of 
the  gas  temperature  with  precise  spatial  correlation  to  the  LIF  concentration  measurement. 
There  arc  two  reasons  for  tiiis.  First  and  most  important,  the  predictions  of  the  model 
calculation  at  each  point  in  the  flame  can  be  markedly  different  for  temperature  changes  of 
100  to  200  K  because  of  the  non-linear  effects  of  temperature  upon  a  chemical  reaction 
sequence.  Second,  the  temperature  is  needed  to  relate  number  density  in  a  particular 
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rotational  and  vibrational  level,  as  measured  by  the  LIF  intensity,  to  the  total  mole  fraction 
of  the  radical  species. 

There  are  many  methods  to  measure  the  gas  temperature  in  fames,  including  both 
intrusive  probe  measurements  and  nonintrusive  light  scattering  techniques.3  Included 
among  the  laser-based  nonperturbative  techniques  are  LIF,  coherent  and  spontaneous 
Raman  scattering,  and  Rayleigh  scattering.4  Laser-induced  fluorescence  provides  an 
excellent  way  to  measure  both  the  concentrations  of  the  reactive  intermediate  radicals  and 
spatially  correlated  temperatures.  In  this  work,  we  discuss  the  use  of  LIF  rotational 
excitation  spectra  for  temperature  measurement. 

To  obtain  a  rotational  temperature,  the  radical  is  excited  from  several  different 
rotational  levels  in  the  ground  electronic  state  to  an  excited  electronic  state,  from  which  it 
radiates.  The  fluorescence  signal  intensity  for  each  individual  transition  is  a  measure  of  the 
population  in  that  particular  rotational  level  of  the  ground  electronic  state.  In  turn,  the 
population  distribution  in  the  rotational  levels  is  governed  by  the  temperature.  From  the 
measured  intensities  and  knowledge  of  the  rotational  line  strengths  (BO,  the  population  in 
each  level  N,  is  determined.  The  temperature  can  be  obtained  from  the  slope  of  a 
Boltzmann  plot  of  ln(Nj/gO  versus  Ej,  where  gj  and  Ej  are  the  degeneracy  and  energy, 
respectively,  of  the  ground  state  level  i.  Alternatively,  a  portion  of  a  rotational  excitation 
spectrum  may  be  directly  fit  to  determine  a  temperature.  This  technique  has  the  obvious 
advantage  in  being  able  to  use  complex,  overlapped  spectra. 

In  this  paper,  we  describe  in  detail  experiments  on  OH  performed  in  stable, 
laminar,  low-pressure  flames  of  H2  burning  in  O2  and  N2O.  These  experiments  investigate 
the  influence  of  rotational-level-dependent  quantum  yield  and  detector  wavelength  response 
function  (spectral  bias)  on  the  apparent  gas  temperature.  For  OH  we  also  investigate  the 
effects  of  optical  depth,  manifest  as  significant  absorption  of  the  laser  beam  and 
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fluorescence  across  the  burner.  Low-pressure  flames  offer  special  advantages  for  these 
purposes.  First,  the  temperature  gradients  are  gradual  compared  with  the  laser  spatial  cross 
section.  Second,  collisional  quenching  is  reduced  so  that  the  excited  state  lifetime  is 
significantly  longer  than  the  duration  of  the  laser  pulse,  and  the  direct  time  decay  of  the 
fluorescence  can  be  used  to  study  collisional  effects.  We  find  that  the  detector  spectral 
bias,  the  optical  depth,  and  the  rotational-level-dependent  quantum  yield  can  produce 
significant  systematic  errors  in  addition  to  the  statistical  precision  of  the  LEF  temperature 
determination.  We  will  demonstrate  for  OH  that  even  if  the  influence  of  these  parameters  is 
neglected,  the  rotational  spectra  (or  Boltzmann  plots)  are  still  satisfactorily  fit  to  a 
temperature.  This  temperature  can  deviate  by  as  much  as  several  hundred  degrees  from  the 
true  value,  i.e.,  that  correctly  determined  by  properly  taking  all  these  effects  into  account 
The  magnitude  of  these  systematic  errors  cannot  be  determined  by  statistical  measures  of 
precision  but  often  must  be  evaluated  experimentally. 

Measurements  on  NH,  CH,  and  CN  in  hydrogen  or  propane  flames  burning  with 
oxygen  or  nitrous  oxide  allow  comparisons  of  the  temperatures  obtained  in  the  same  flame 
with  different  radicals.  The  optical  depth  problem  is  not  observed  for  these  radicals,  but 
the  detector  spectral  bias  and  the  rotational  level  dependence  of  the  quantum  yield  is  still  a 
concern. 

The  section  below  on  the  experimental  technique  includes  a  brief  description  of  the 
low-pressure  flame  apparatus  and  a  discussion  of  the  detection  considerations  for  each  of 
the  radicals:  OH,  NH,  CH,  and  CN.  The  influence  of  rotational  energy  transfer,  the 
rotational  dependence  of  the  transition  moment,  and  the  optical  depth  on  the  LIF 
temperature  are  studied  in  detail  for  OH.  In  the  following  section,  temperature 
measurements  on  each  of  the  radicals  are  then  compared. 
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In  addition  to  their  direct  applicability  to  low-pressure  flames,  the  present  results 
provide  guidance  for  temperature  measurements  at  atmospheric  pressure  using  LIF  of 
radicals.  Our  use  of  a  narrow  (10-30  ns)  detector  gate  placed  at  the  signal  peak  minimizes 
the  effects  of  rotational  energy  transfer  and  rotational-level-dependent  quantum  yields  seen 
when  integrating  the  entire  fluorescence  decay  over  time.  In  contrast,  at  atmospheric 
pressure,  detector  temporal  bandwidth  greater  than  1  GHz  and  picosecond  laser  pulses  are 
necessary  to  time  resolve  the  fluorescence.  The  effects  on  the  measurement  due  to 
rotational-level-dependent  quantum  yields  must  be  carefully  taken  into  account  when 
applying  this  work  to  higher  pressure  flames. 


II.  Experimental  Technique 

1.  Experimental  Apparatus 

The  low-pressure  burner  apparatus  is  discussed  in  detail  elsewhere,5  and  only  the 
aspects  important  to  temperature  measurements  will  be  discussed  here  Flames  of 
hydrogen  or  propane  are  burned  with  either  oxygen  or  nitrous  oxide.  These  flames  are 
supported  on  a  6  cm  diameter  porous-plug  McKenna  bumc.  hich  resides  in  an  evacuated 
chamber,  and  can  be  scanned  vertically  with  an  accuracy  and  reproducibility  of  0. 1  mm. 
For  most  experiments,  the  pressure  ranges  between  6  and  15  Tore.  The  laser  beam  usually 
traverses  the  burner  horizontally  at  the  center,  resulting  in  a  detection  path  length  through 
the  flame  of  3  cm.  For  the  OH  measurements,  because  absorption  of  the  beam  is 
substantial  (9%  for  the  strong  lines  in  the  R  branch)  the  burner  is  positioned  with  the  laser 
beam  closer  to  the  burner  edge,  yielding  a  detection  path  length  of  1.25  cm.  The  collimated 
'  * ser  beam  is  apertured  with  a  measured  beam  diameter  of  -0.5  mm,  which  corresponds  to 
a  temperature  spread  of  about  100  K  in  the  region  of  the  largest  temperature  gradient  in  the 
hottest  flames,  and  proportionately  less  in  the  cooler  flames. 
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Light  from  a  pulsed  XcQ  excimer-pumped  dye  laser  with  a  pulse  length  of  ~12  ns 
excites  the  radicals  fiom  the  v"  =  0  level  in  the  ground  state  to  v'  =  0  in  the  exci.’d  state. 
Table  I  lists  the  specific  band  system  for  each  radical  and  me  laser  dye  used.  In  all  cases, 
the  laser  intensity  is  attenuated  to  insure  that  the  excitation  transition  is  not  saturated  and  the 
LIT  signal  is  linear  with  laser  power. 

The  LIF  is  collected  with  f/3  optics  and  focused  at  f/4  into  a  C.3  m  monochromator 
used  as  an  adjustable  bandpass  optical  filter.  The  light  is  detected  with  a  1P28 
photomultiplier,  amp  ,  led,  and  captured  with  a  boxcar  integrator.  Typically,  between  10 
and  100  laser  shots  at  each  wavelength  are  summed  to  obtain  the  signal.  The  time  delay 
between  the  excitation  laser  and  'he  detection  gate,  and  the  time  width  of  that  gate  are 
discussed  in  detail  below.  For  reasons  discussed  below,  the  detector  must  have  a  constant 
response  over  the  entire  wavelength  region  of  the  vibrational  band  detected.  A  0.3  m 
monochromator  with  0.5  mm  entrance  and  4  mm  output  slit  provides  a  trapezoidal  shaped 
spectral  response  function  with  a  20  nm  bandpass  at  the  top  of  the  trapezoid  and  a  23  nm 
bandpass  at  the  base. 

2.  Spectral  Fitting 

To  obtain  a  rotational  temperature,  the  wavelength  of  the  excitation  laser  is  scanned 
to  excite  the  radical  from  several  different  rotational  levels  and/or  fine  structure  levels  of  the 
ground  electronic  state.  The  signal  intensity  Ij  obtained  when  exciting  fiom  level  i  in  the 
ground  state  to  level  f  in  the  '•rcited  state  and  collecting  all  the  fluorescence  is 

Ii  =  GOfBfiNj,  (1) 

where  G  is  a  constant  related  to  the  light  collection  efficiency,  Eg  is  the  excitation  line 
strength  for  the  respective  rotational  line,  and  Nj  is  the  population  in  level  i.  The 


fluorescence  quantum  yield  Of  is  Af/(Af  +  Q  +  kpre),  where  Af  is  the  Einstein  A  coefficient, 
Q  is  the  total  collisional  quenching  rate,  and  kp^  is  the  predissociation  rate.  The 
fluorescence  quantum  yield  depends  on  the  rotational  transition  and  collision  environment. 
In  low  pressure  flames,  it  may  be  quite  high,  around  0.2  or  so,  while  at  atmospheric 
pressure  it  is  greatly  reduced  by  collisional  quenching.  A  recent  approach  applicable  to  O2 
and  OH  attempts  to  avoid  the  quenching  problem  by  exciting  transitions  which  are  strongly 
predissociated.6"8  In  this  case,  the  quantum  yield  depends  only  on  the  predissociation  rate, 
but  at  a  significant  cost  in  signal  levels.  For  the  temperature  measurements  described  here, 
the  quantum  yields  may  be  directly  measured.  From  the  LJF  line  intensities  and  knowledge 
of  the  rotational  line  strengths  and  fluorescence  quantum  yields,  the  relative  N*  can  be 
determined.  The  population  in  each  rotational  level  is  proportional  to  gjexp(-Ej/kT).  The 
temperature  can  be  obtained  from  the  slope  of  a  Boltzmann  plot  of  ln(Nj/gi)  versus  Ej. 

Alternatively,  a  portion  of  the  rotational  excitation  spectrum  can  be  directly  fit  by  a 
least-squares  procedure  to  determine  a  temperature;  here,  the  line  positions,  rotational  line 
strengths,  and  energy  levels  are  input  data.  There  are  only  two  free  parameters  in  such  a 
fit:  the  temperature  and  linewidth.  Direct  spectrum  fitting  iO  determine  temperature  is  the 
accepted  technique  for  CARS,9  and  has  been  done  elsewhere  for  LIF.10  The  advantage  of 
such  direct  fits  is  that  individual  intensities  do  not  need  to  be  extracted  from  overlapping 
transitions  in  the  spectrum.  For  example,  Fig.  1  shows  the  excitation  spectrum  in  the  Q- 
branch  region  of  the  NH  A-X  system  which  we  use  to  obtain  NH  temperatures.  Here  we 
scan  only  0.5  nm  and  excite  more  than  50  transitions  with  N"  between  1  and  20.  At  this 
laser  resolution,  this  region  is  too  congested  to  determine  straightforwardly  individual  Ni 
and  obtain  the  temperature  from  Boltzmann  plots.  Table  I  contains  the  scan  ranges  and 
other  pertinent  data  for  OH,  NH,  CH,  and  CN. 

The  experimental  spectrum  is  fit  by  comparing  it  to  a  synthesized  spectrum  and 
varying  the  fit  parameters  (temperature  and  Gaussian  linewidth)  to  minimize  the  sum  of  the 
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squares  of  the  residuals.  The  line  positions  and  line  strengths  of  the  transitions  and  the 
ground  state  energy  levels  are  the  necessary  input  to  the  fit  The  remainder  of  this  section 
will  describe  how  these  are  obtained  and  will  describe  some  details  of  the  fitting  procedure. 

The  line  positions,  as  well  as  the  spectroscopic  labeling,  for  the  OH  (A-X) 
transitions  are  obtained  from  Dieke  and  Crosswhite11  and  for  NH  (A-X)  from  Brazer, 
Ram,  and  Bemath.12  The  line  positions  for  CH  (A-X)  and  CH  (B-X)  are  from  Moore  and 
Broida;13  the  labeling  is  as  suggested  in  Ref.  14.  The  line  positions  for  CN  are  calculated 
as  described  below  from  the  molecular  constants  given  by  ColkeL15  The  calculated 
spectrum  for  the  CN  radical  agrees  to  within  0.01  A  with  published  wavelengths  for  N" 
from  1  to  49. 16  No  tabulated  line  positions  were  found  for  N"  from  52  to  58,  so  the 
calculated  line  positions  for  N"  from  52  to  58  are  adjusted  to  match  the  experimental 
spectrum  as  described  next 

The  experimental  spectrum  as  it  is  obtained  is  not  linear  in  wavelength.  The  laser 
stepping  motor  drive  shows  an  oscillatory  behavior  that  is  evident  when  the  experimental 
wavelengths  of  the  transitions  are  compared  to  known  line  positions.  For  the  short  scan 
regions  needed  here,  the  nonlinearity  appears  to  be  a  slow  curve  and  can  be  fit  to  a  three- 
term  polynomial,  which  is  used  to  adjust  the  synthesized  line  positions  to  match  the 
experimental  line  positions.  Each  scan  region  is  calibrated  separately,  as  the  nonlinearity 
varies  from  region  to  region. 

The  linewidth  determined  by  the  spectral  fitting  procedure  is  a  convolution  of  the 
laser  linewidth  and  the  Doppler  width  of  the  transition.  Our  measured  linewidth  for  the 
doubled  laser  output  at  310  nm  is  0.2  cm-1  and  is  not  sufficiently  narrow  to  accurately 
determine  the  temperature  just  from  the  Doppler  width  of  the  transitions.  The  linewidths 
from  the  CH  and  CN  spectra  are  generally  twice  as  wide,  due  to  a  larger  laser  linewidth, 
than  those  for  the  OH  and  NH  spectra.  The  fit  to  determine  the  temperature  is  not  highly 
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dependent  on  the  value  for  the  linewidth,  as  the  sum  of  squares  of  the  residuals  from  the  fit 
changes  less  than  1%  for  a  change  in  the  linewidth  of  0.002  A. 

The  rotational  line  strengths  for  each  radical  are  calculated  after  the  approach 
developed  by  Zare  et  al.17  A  computer  program  calculates  the  position  and  line  strength  of 
rotational  lines  of  an  electric-dipole-allowed  transition  from  molecular  constants  using  a 
model  Hamiltonian  described  by  Zare  et  al.  Some  of  the  molecular  constants  needed  are  the 
term  origin,  the  rotational  constants,  the  spin-orbit  splitting  constants,  and  the  spin-rotation 
splitting  constants.  A  note  of  caution  is  deserved  here.  Depending  on  which  set  of 
molecular  constants  is  used,  large  differences  on  the  order  of  1  to  2  A  between  the 
calculated  and  tabulated  line  positions  are  seen,  especially  for  CH  and  NH.  The  differences 
appear  to  be  the  greatest  when  there  is  significant  X-doubling  in  a  II  state.  It  is  preferable 
to  use  a  set  of  constants  for  both  the  excited  and  ground  states  obtained  using  the  same 
Hamiltonian  used  to  calculate  the  line  positions  and  line  strengths.  Since  tabulated  line 
positions  are  readily  available  for  all  the  radicals  but  CN,  we  use  these  in  the  temperature 
fitting.  The  rotational  line  strengths  calculated  are  not  as  sensitive  to  the  molecular 
constants  as  the  line  positions,  and  are  used  in  the  spectral  fitting  program.  The  constants 
for  NH  are  given  in  the  same  reference  as  the  line  positions.  Those  for  CH  are  given  in 
Ref.  18  to  20.  The  constants  for  OH  are  obtained  from  fitting  the  tabulated  line  positions  in 
Dieke  and  Crosswhite  with  the  Zare  et  al.  method. 

The  rotational  line  strengths  calculated  in  the  program  assume  that  the  electronic 
transition  moment  is  independent  of  the  intemuclear  separation.  This  is  a  poor  assumption 
for  OR21  The  variation  in  the  electronic  transition  moment  with  intemuclear  distance  seen 
for  OH  manifests  itself  in  a  rotational  level  dependence  of  the  electronic  transition 
moment22  The  magnitude  of  the  error  in  the  temperatures  for  spectra  fit  to  rotational  line 
strengths  neglecting  this  can  be  estimated  from 
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Tconected  ~  Tobseived(  1  'YTobscrved)’ 1  •  (2) 

The  parameter  y  is  3 .24x10- 5  for  OH,  calculated  from  spectroscopic  considerations 
including  the  intemuclear  distance  dependence  of  the  transition  moment21  For  OH,  we  fit 
some  of  the  rotational  excitation  spectra  with  line  strengths  neglecting  the  rotational 
variation  of  the  electronic  transition  moment  A  flame  at  2300  K  produces  an  apparent 
temperature  low  by  180  K  and  at  1200  K  low  by  35  K,  in  excellent  agreement  with  the 
prediction  of  Eq.  (2).  All  of  the  OH  temperatures  discussed  in  this  work  are  obtained  using 
the  corrected  line  strengths.22  The  NH  and  CH  radicals  have  substantially  less  variation  of 
the  transition  moment  with  rotational  level:  y  =  5.4x10^  for  NH  (A3rii),  y  =  3.2x1  O'6  for 
CH  (A2A),  and  y  =  5.2X10"6  for  CH  (B22T).  The  error  thus  produced  for  these  radicals  is 
estimated  to  be  less  than  30  K  for  the  highest  temperatures.  This  systematic  error  is  less 
than  the  precision  of  the  measurements  discussed  here.  For  non-hydride  radicals,  y  is 
generally  too  small  to  influence  temperature  measurements. 

A  list  of  the  ground  state  energy  levels  needed  to  calculate  rotational  populations  at  a 
given  temperature  is  obtained  from  the  computer  program  used  to  calculate  rotational  line 
strengths.  Each  rotational  level  is  split  to  give  Fi  and  F 2  components  for  OH,  CH,  and 
CN,  and  into  three  analogous  components  for  NH.  For  our  purposes,  for  NH  and  CN,  the 
splitting  is  small  and  is  ignored.  The  X-doublet  splitting  for  OH  and  CH  is  also  small  and 
is  neglected. 

The  scan  ranges  listed  in  Table  I  cover  a  range  of  low  and  high  rotational  levels. 

For  OH,  NH,  and  CH  (B-X),  the  rotational  levels  cover  a  range  through  which 
temperatures  from  room  temperature  to  2500  K  and  higher  can  be  measured.  The  CH 
(A-X)  scan  range  that  is  listed  covers  low  rotational  levels  and  very  high  ones.  It  is  best 
for  flames  above  1500  K;  a  different  range  that  covers  intermediate  rotational  levels  is 
necessary  for  cooler  flames,  such  as  for  measurements  on  the  H2/O2  flame  seeded  with 
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CH4.  The  CN  scan  range  is  similar,  in  that  a  different  set  of  rotational  levels  may  be 
necessary  to  measure  temperatures  lower  than  1900  K. 

It  is  difficult  to  assess  how  noise- free  a  spectrum  must  be  in  order  for  it  to  yield  a 
meaningful  temperature.  The  OH  and  NH  (Fig.  1)  spectra  are  of  much  higher  quality  than 
the  CH  and  CN  spectra.  Examples  of  spectra  for  CH(A-X)  and  CN  are  shown  in  Fig.  2 
and  3  and  for  CH(B-X)  in  Ref.  23.  The  signal  to  noise  ratio  for  the  CN  spectrum  for  the 
small  peaks,  which  correspond  to  high  rotational  levels  and  are  most  sensitive  to  the 
temperature,  is  about  3  and  becomes  worse  at  lower  temperatures.  The  CH  spectra,  in 
general,  are  of  lower  quality  than  those  for  OH  and  NH,  mainly  due  to  a  much  smaller 
concentration  of  the  CH  radical  in  the  flames. 


3.  Detector  Response  Requirements 

To  determine  the  bandpass  necessary  to  detect  the  LJF  without  spectral  bias  requires 
a  discussion  of  the  spectroscopy  and  collisional  energy  transfer  of  the  radical.  The  spectral 
bias  problem  has  been  discussed  in  detail  for  atmospheric  pressure  flames24  and  is 
summarized  here.  In  LEF,  the  laser  light  excites  the  radical  to  a  particular  rotational  and 
vibrational  level  of  the  excited  electronic  state.  The  initially  excited  level  can  radiate, 
undergo  energy  transfer  to  other  rotational  or  fine  structure  levels  of  the  same  electronic 
state  which  subsequently  radiate,  or  be  collisionally  removed  from  the  manifold  of  radiating 
levels  to  another  electronic  state.  All  radiation  emitted  in  the  detector  spectral  bandpass 
forms  the  LIF  signal.  Each  level  radiates  with  characteristic  transitions  (P,  Q,  R)  to  the 
ground  electronic  state.  The  line  strengths  and  selection  rules  governing  these  transitions 
vary  with  each  molecule;  however,  the  emission  in  each  vibrational  band  occurs  over  a 
finite  range  of  wavelengths.  The  large  rotational  constant  of  the  hydride  radicals  extends 
the  spread  of  wavelengths.  For  example,  the  calculated  (0,0)  bands  for  the  radicals 
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OH  (A-X),  NH  (A-X),  CH  (A-X),  CH  (B-X),  and  CN  (B-X),  at  2500  K  are  illustrated  in 
Fig.  4.  The  spectra  in  this  figure  show  that  if  the  excited  electronic  state  is  rotationally 
equilibrated  at  2500  K,  fluorescence  from  each  radical  will  extend  over  a  wide  (15-25  nm) 
range;  the  width  of  the  spectrum  for  each  of  the  radicals  is  given  in  Table  I. 

In  these  experiments  with  flames  between  5  and  15  Tore,  we  estimate  die  average 
time  between  rotational  energy  transfer  collisions  to  be  about  30  ns.  Thus,  if  we  use  a 
narrow  detector  (boxcar)  gate  of  10  ns  during  or  promptly  after  the  15  ns  laser  pulse,  the 
excited  state  population  distribution  of  the  radiating  molecule  will  be  dominated  by  the 
initial  level.  Significant  additional  population  will  be  found  in  only  those  levels  adjacent  to 
it  For  this  case,  the  required  bandpass  is  dictated  by  the  range  of  rotational  levels  excited 
and  the  wavelength  of  their  P-,  Q-,  and  R-branch  transitions.  For  the  OH  rotational  levels 
excited  here,  3  ^  N'  <  16,  the  required  bandwidth  to  detect  all  the  light  becomes  13  nm. 
The  requirements  for  the  other  radicals  are  listed  in  Table  I. 

Alternatively,  if  energy  transfer  collisions  create  a  thermal  population  distribution  in 
the  excited  electronic  state  before  the  fluorescence  is  detected,  then  this  light  will  have  the 
same  spectral  distribution  for  any  initially  excited  level,  and  can  be  detected  with  any  broad 
or  narrow  bandpass  spectral  response.  However,  this  case  also  requires  a  delay  between 
the  excitation  laser  pulse  and  the  detector  time  gate  to  permit  sufficient  rotational  relaxation. 
For  the  hydride  radicals,  collisional  quenching  is  competitive  with  rotational  energy 
transfer.24*28  Thus,  the  delay  while  waiting  for  thermalization  of  the  excited  state 
population  also  reduces  the  signal  at  least  a  factor  of  ten.  Such  a  scheme  was  applied2  to 
low-pressure  flames  where  the  fluorescence  lifetime  of  the  radical  is  long  compared  to  the 
laser  pulse  length.  In  an  atmospheric  pressure  flame,  the  collision  rates  become  so  fast  that 
the  fluorescence  is  quenched  rapidly  compared  to  the  12  ns  laser  pulse  and  thermalization  is 
never  achieved.24*26  Only  the  time-integrated  fluorescence,  which  has  a  rotational 
distribution  far  from  thermal,  can  be  easily  detected. 
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To  test  the  effects  of  spectral  bias,  we  shift  the  20  nm  bandpass  detector  to  be 
centered  at  320  nm.  This  is  about  8  nm  to  the  red  of  the  optimum  for  the  OH  detection. 
The  detector  will  then  collect  the  light  from  the  P-  and  Q-branch  transitions  with  high 
rotational  quantum  number  with  greater  efficiency  than  from  those  with  lower  N.  Most  of 
the  R-branch  (J  <  19.5)  and  some  of  the  Qi  branch  (J  <  6)  will  not  be  detected.  The 
rotational  excitation  spectrum  listed  in  Table  I  is  then  scanned  in  the  burnt  gases  of  a  7.2 
Torr,  stoichiometric  H2/N2O  flame.  Instead  of  the  2300  K  temperature  measured  with  the 
optical  bandpass  properly  adjusted,  the  rotational  excitation  spectrum  is  fit  by  a  temperature 
of  3770  K  with  a  statistical  precision  of  -150  K.  Note  the  goodness  of  fit  shown  in  the 
Boltzmann  plot  in  Fig.  5,  even  though  the  resulting  temperature  is  clearly  not  possible  in 
such  a  flame.  The  adiabatic  flame  temperature  is  2600  K.  The  spectral  fit  also  does  not 
show  any  obvious  bias.  The  use  of  a  narrow  bandpass  detector  (1.3  nm),  centered  on  the 
low  N  region  of  the  Q-branch  bandhead,  has  been  previously  demonstrated24  in 
atmospheric  flames  to  give  precise  temperatures  as  much  as  800  K  lower  than  those 
detected  without  spectral  bias.  For  similar  reasons,  the  use  of  a  10  nm  bandwidth  for  the 
detection  centered  on  the  Q-branch  fluorescence  of  the  CH  B-X  rotational  excitation 
spectrum  in  Table  I  results  in  a  temperature  -400  K  too  cold.  Switching  to  the  20  nm 
bandwidth  solved  this  problem  for  the  CH  B-X  system.  These  examples  clearly  show  that 
statistical  measures  of  precision  do  not  provide  warnings  of  possible  systematic  errors 
which  can  severely  limit  the  accuracy  of  the  measured  temperature.  Rather,  the  collisional 
energy  transfer  and  spectroscopy  for  each  radical  must  be  considered. 
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4.  Laser-Detector  Timing 


Changes  in  the  fluorescence  quantum  yield  with  rotational  level  can  effect  the 
measured  temperatures.  There  are  three  rotational-level-dependent  terms  in  the  quantum 
yield:  the  oscillator  strength,  noted  above  for  the  absorption  transition,  the  collisional 
quenching  rate,  and  the  predissociation  rate.  The  radiative  lifetimes  of  OH,  NH,  and  CH 
depend  on  rotational  level,  although  this  variation  is  the  largest  in  OH.29  The  higher 
rotational  levels  have  a  longer  radiative  lifetime.  In  addition,  at  room  temperature,  the 
collisional  quenching  rates  of  both  OH  and  NH  decrease  with  increasing  rotation  of  the 
electronically  excited  radical.30  Consequently,  moving  the  detector  gate  to  longer  delays 
will  increase  the  relative  amount  of  fluorescence  from  higher  rotational  levels,  and  the 
apparent  temperature  will  become  higher.  For  OH,  we  tested  this  in  the  burnt  gases  of  a 
7.2  Torr  H2/N2O  flame  near  2300  K;  here  the  fluorescence  lifetime  is  -100  ns.  Several 
boxcars  recorded  the  rotational  spectrum  simultaneously,  each  with  a  10  ns  gate  at  different 
gate  delays.  The  spectra  obtained  in  this  way  are  compared  to  one  obtained  from  a  prompt 
10  ns  gate.  The  systematic  error  AT  increases  smoothly  from  80  K  at  50  ns  delay  to  240  K 
at  250  ns.  When  a  wide  (300  ns)  gate  is  used  to  integrate  all  the  fluorescence,  the  error  is  + 
100  K.  All  of  the  fits  to  die  spectra  have  satisfactory  statistical  precision,  again  much 
smaller  than  this  systematic  deviation. 

A  rotational-level-dependent  quantum  yield  for  the  LIF  has  been  observed  for 
OH,31  CH,5-32  and  NH32*33  in  low-pressure  flames.  However,  for  the  flames  studied 
here,  the  10  ns  detector  gate  is  short  compared  to  the  fluorescence  lifetime  of  all  the  radicals 
studied  except  CN.  By  using  such  a  short  gate  promptly  after  the  laser  pulse,  the  quantum 
yield  variation  with  rotational  level  can  be  neglected  since  very  little  quenching  has 
occurred.  However,  if  the  detector  gate  is  delayed  to  permit  rotational  equilibration  or  is 
sufficiently  wide  to  integrate  the  entire  signal,  then  rotational-level-dependent  quantum 
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yields  may  produce  significant  errors  in  the  temperature.  For  OH  in  a  stoichiometric  7.2 
Torr  H2/N2O  flame,  the  quantum  yield  has  significant  dependence  on  rotational  level  only 
in  the  reaction  zone.31  In  the  burnt  gases,  this  dependence  can  be  safely  neglected  at  the  ± 
50  K  precision.  However,  without  a  short,  prompt  detector  gate  in  the  reaction  zone, 
errors  of  100  to  200  K  may  result.  For  NH,  the  rotational-level-dependent  quenching  can 
cause  errors  of  ~  150  K,  and  for  CH  such  effects  can  cause  systematic  errors  as  large  as 
400  K  in  propane  and  acetylene  flames.  Again  these  problems  are  avoided  in  low-pressure 
flames  with  a  short,  prompt  detector  gate. 


5.  Optical  Depth 

In  these  low-pressure  flames,  OH  is  the  only  radical  for  which  we  see  significant 
(>1%)  absorption.  For  OH  in  a  7.2  Torr  stoichiometric  H2/N2O  flame,  we  see  as  much  as 
9%  absorption  on  the  strongest  lines  of  the  R-branch.  This  absorption  must  be  considered 
quantitatively.  The  boundary  between  the  flame  and  the  background  gas  is  cooler  than  the 
flame  itself.  The  OH  radicals  in  this  boundary  layer  have  more  population  in  the  lower 
rotational  levels.  Thus,  there  is  more  absorption  by  the  low  rotational  levels  both  of  the 
excitation  laser  beam  as  it  traverses  to  the  uniform  probed  region  of  the  burner  and  of  the 
subsequent  fluorescence  on  its  way  to  the  detector.  Recall  that  the  upper  electronic  state 
does  not  thermalize,  so  low  initially-excited  rotational  levels  will  radiate  through  transitions 
absorbed  by  low  levels.  With  increased  absorption  of  both  the  laser  and  the  fluorescence 
by  lower  rotational  levels,  the  apparent  temperature  from  the  excitation  scan  becomes  too 
high.  Both  the  absorption  and  boundary  layer  effects  are  evident  in  the  rotational  excitation 
scan  for  OH  displayed  in  Fig.  6.  The  spectrum  is  taken  from  the  burnt  gases  of  a  7.2  Torr 
stoichiometric  H2/N2O  flame.  The  top  trace  shows  an  absorption  spectrum  along  the  line 
of  sight  through  the  flame,  and  the  bottom  trace  is  the  corresponding  LIF  excitation 
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spectrum  from  the  uniform  flat  flame.  The  absorption  spectrum  is  fit  to  a  temperature  of 
1990  K,  reflecting  a  concentration  weighted  average  over  the  flame  and  its  cooler 
boundary.  Without  correcting  for  absorption,  the  LDF  spectrum  is  fit  to  a  temperature  of 
2330  K.  The  absorption  correction  to  the  LIF  spectrum  as  described  below  results  in  a 
temperature  of  2250  K,  corresponding  to  an  error  of  +  80  K. 

The  horizontal  position  of  the  burner  for  most  of  the  OH  measurements  has  a  5  cm 
traverse  of  the  flame  by  the  laser  beam  and  a  detection  path  length  of  1.5  cm  through  the 
flame.  In  these  experiments,  the  absorption  correction  is  made  by  a  particularly  expedient 
normalization  of  the  LIF  signal  by  the  laser  intensity,  as  monitored  by  a  postflame 
photodiode  which  measures  absorption  of  the  laser  beam  over  the  entire  5  cm  path  length. 
The  excitation  is  in  the  R-branch  and  the  prompt  detector  gate  ensures  that  most  of  the 
observed  fluorescence  originates  from  the  initially  excited  rotational  level.  The 
fluorescence  is  emitted  and  reabsorbed  in  all  three  rotational  branches,  which  have  different 
line  strengths.  Thus,  we  need  to  correct  for  the  absorption  of  the  laser  beam  in  the  R- 
branch  over  the  2.5  cm  from  the  edge  of  the  flame  to  the  center  of  the  flame,  where  we 
image  the  LIF,  and  we  need  to  correct  for  the  absorption  of  the  fluorescence  in  all  three 
branches  over  the  shorter  1.5  cm  out  of  the  flame.  For  the  path  lengths  in  this  experiment, 
the  absorption  of  the  laser  in  the  R-branch  over  the  longer  path  length  (2.5  cm)  is 
equivalent  to  the  absorption  of  the  fluorescence  in  the  P-,  Q-,  and  R-branches  of  the  shorter 
path.  Thus,  the  laser  absorption  over  the  entire  path  through  the  flame  provides  a  measure 
of  the  total  absorption.  For  a  different  experimental  set  up  with  different  path  lengths,  the 
proper  absorption  correction  must  be  recalculated.  The  temperatures  and  radical  profiles, 
corrected  for  absorption,  measured  at  the  center  of  the  burner  agree  with  those  taken  at  the 
position  closer  to  the  edge,  ensuring  that  the  flame  is  sufficiently  flat  for  a  meaningful 
comparison. 
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One  method  that  we  did  not  explore,  but  deserves  further  study,  is  to  use  the  OH 
(A-X)  (1,0)  band  for  excitation.  Absorption  of  the  excitation  laser  beam  by  the  ground 
state  radical  is  less,  by  a  factor  of  three,  because  of  the  reduced  transition  probability  for 
this  band.  However,  excitation  to  v'  =  1  introduces  further  complications  in  the  detection 
scheme.  The  (1,1)  and  (0,0)  bands  overlap  each  other,  so  neither  can  be  cleanly  detected 
without  collecting  fluorescence  from  the  other.  The  (1,0)  band  could  be  used  for  detection; 
about  a  third  of  the  fluorescence  from  v'  =  1  is  in  this  band.  However,  a  further 
complication  is  that  the  rotational  level  dependence  of  the  amount  of  vibrational  relaxation 
from  v'  =  1  to  v'  =  0  versus  electronic  quenching  varies  with  collision  partner,^4  and  will 
therefore  change  throughout  the  flame  profile.  In  our  low-pressure  flames  where  we  can 
use  a  short  detector  gate,  this  would  not  be  a  severe  problem. 


III.  Temperature  Comparisons 

Rotational  temperatures  of  both  NH  and  OH  are  measured  in  a  7.2  Torr  H2/N2O 
stoichiometric  (fuel  equivalence  ratio  0  =  1.0)  flame,  and  the  values  are  plotted  versus 
height  above  the  burner  in  Fig.  7.  The  wavelength  regions  scanned  are  given  in  Table  I. 
The  measured  NH  and  OH  temperatures  agree  to  ±  50  K.  The  good  agreement  indicates 
that  the  method  described  above  properly  accounts  for  the  influence  of  rotational-level- 
dependent  oscillator  strength  and  optical  depth  problems  possible  for  the  OH 
measurements.  The  temperature  at  the  point  46  mm  above  the  burner,  in  the  burnt  gases, 
was  measured  13  times  over  a  period  of  two  weeks.  The  average  temperature  measured  is 
2320  ±  30  K,  which  is  indicative  of  the  statistical  precision  of  the  OH  measurements. 

Figure  7  also  shows  the  temperature  profile  of  a  7.2  Torr,  0=1,  H2/O2  flame  as 
measured  from  OH  excitation  spectra.  Note  that  temperature  measurements  are  possible  at 
temperatures  as  low  as  400  K,  at  a  height  1  mm  above  the  burner.  Despite  the  large  heat 


F-17 


release  available  for  H2  and  02.  this  low-pressure  flame  bums  at  a  very  low  temperature. 
The  burnt  gas  temperature  is  only  1200  K;  this  difference  with  Tadiabatic  has  been  observed 
previously.35  By  seeding  (<10% )  methane  into  an  H2/O2  flame,  a  temperature 
measurement  using  the  A-X  system  of  CH  is  made;  it  agrees  with  this  low  OH  LIF  flame 
temperature. 

In  a  second  series  of  experiments,  the  CH,  NH,  and  CN  radical  are  all  used  to 
measure  the  temperature  in  die  same  15  Torr,  rich  (0  =  1.33)  C3H8/N2O  flame.  The 
measured  temperature  and  radical  LIF  profiles  for  each  species  are  given  as  a  function  of 
height  above  the  burner  in  Fig.  8.  The  intense  CN  fluorescence  overwhelms  that  of  the  CH 
B-X  system  which  is  in  the  same  spectral  region,  so  only  the  CH  A-X  system  can  be  used 
in  this  flame.  The  relevant  scan  parameters  are  given  in  Table  I.  Most  of  the  measurements 
with  CH  A-X  agree  within  100  K  with  those  using  NH  A-X.  Thus,  we  have  observed 
agreement  for  temperature  measurements  from  NH,  CH(A-X),  and  OH  excitation  scans. 
However,  the  measurements  for  CN  in  the  burnt  gases  are  consistently  200  K  high.  One 
reason  may  be  rotational-level-dependent  quantum  yields.  There  is  no  collisional 
quenching  data  for  CN  in  this  flame,  and  the  radiative  lifetime  is  too  short  (65  ns)36  for  the 
quantum  yield  to  be  neglected  with  our  10  ns  detection  gate.  This  discrepancy  deserves 
further  study. 

In  another  comparison,  the  temperatures  are  determined  in  a  6.8  Torr,  0=1, 
C3H8/O2  flame  using  both  the  A-X  and  B-X  systems  of  CH.  The  regions  scanned  are 
given  in  Table  I.  The  temperature  and  CH  radical  concentration  profiles  in  this  flame  are 
presented  in  Fig.  9.  CH  is  present  only  in  the  reaction  zone.  For  reasons  we  do  not 
understand,  temperatures  measured  using  the  B-X  excitation  spectra  are  systematically  150- 
200  K  lower  than  those  obtained  with  the  CH  A-X  system.  Note  that  CH  (B2X') 
predissociates290  rapidly  for  N  £  15.  If  rotational  energy  transfer  from  the  higher  levels 
excited  in  the  rotational  excitation  spectrum  can  rapidly  transfer  >10%  of  their  population  to 
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these  predissociating  levels,  such  a  discrepancy  could  be  explained.  However, 
experiments  with  varying  detector  gate  delays,  as  described  above  for  OH,  will  be 
necessary  to  test  this  hypothesis. 


IV.  Summary 

We  have  assessed  the  systematic  temperature  measurement  errors  from  the  detector 
spectral  bias,  temporal  gate  width,  and  rotational-level-dependent  oscillator  strength  for  the 
hydride  radicals  OH,  NH,  and  CH.  For  low-pressure  flames  where  the  fluorescence 
lifetime  is  long  compared  to  the  excitation  pulse  length  and  detector  gate,  we  have 
agreement  for  the  temperatures  measured  from  the  excitation  spectra  of  the  three  radicals  to 
-100  K.  Even  with  the  careful  measurement  methods  described  above  for  these  laminar 
laboratory  low-pressure  flames,  we  do  not  obtain  this  reasonable  agreement  for 
measurements  using  the  B-X  system  of  CH  or  the  B-X  system  of  CN.  This  points  to 
additional  rotational-level-dependent  effects  which  might  influence  LLF  measurements  of 
temperature  with  these  radicals. 
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Figure  Captions 


1 .  Experimental  UF  rotational  excitation  spectra  of  the  Q-head  region  of  the  NH  (A3Ili- 
X3I‘)  transition  for  a  !3.8  Torr,  0  - 1.04,  C2H2/N2O  flame.  The  spectra  are 
obtained  (top  to  bottom)  at  1. 1, 4.0,  and  7.3  mm  above  die  burner  and  are  fit  to 
temperatures  of  1050, 2250,  and  2670  K,  respectively.  The  bottom  trace  is  the 
residual  of  the  fit  at  2670  K.  The  transitions  are  labeled  by  the  ground  state  total 
angular  momentum  quantum  number  J. 

2 .  Experimental  LIF  spectrum  of  part  of  die  CH  (A^-X2!!)  transition  in  a  6.8  Torr, 
0=1,  C3H8/O2  flame.  A  fit  to  this  spectrum  yields  a  temperature  of  1900  K.  The 
residual  to  the  fit  is  shown  in  the  lower  trace.  The  rotational  transitions  are  relabeled 
to  correspond  to  the  notation  suggested  by  Ref.  14. 

3 .  Experimental  LIF  spectrum  of  pm  of  the  CN  (B2Z+-X2£+)  transition  in  a  15  Torr, 

0  =  1.33,  C3H8/N2O  flame.  A  fit  to  this  spectrum  yields  a  temperature  of  2575  K. 
The  residual  to  the  fit  is  shown  in  the  lower  trace. 

4.  Synthesized  OH,  NH,  CN,  and  CH  emission  spectra  at  2500  K.  At  this  temperature, 
the  transitions  extend  over  many  nanometers.  The  y-axis  scale  is  different  for  each 
band  shown. 

5 .  Boltzmann  plot  of  the  OH  (A2Z+-X2Ili)  normalized  intensity  divided  by  the  line 
strength  and  degeneracy  vs.  rotational  energy  for  a  7.2  Torr,  0=1,  H2/N2O  flame,  in 
which  die  spectral  bandpass  preferentially  detects  the  high  rotational  levels.  The  line 
corresponds  to  a  temperature  of  3770  K.  The  correct  temperature  of  2300  K  is 
obtained  by  using  the  proper  bandpass. 
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6.  OH  (A2I+-X2rii)  LIF  spectrum  (middle)  and  absorption  spectrum  (top)  in  the  R- 
branch  region  in  a  7.2  Torr,  0=1,  H2/N2O  flame.  The  LIF  spectrum  gives  a 
temperature  of  2250  K.  The  absorption  spectrum  gives  a  temperature  of  1990  K, 
which  is  a  concentration  weighted  average  over  the  flame  and  its  cooler  boundary. 
The  bottom  trace  is  the  residual  to  the  fit  for  the  LIF  spectrum. 

7 .  Temperature  profiles  for  a  7.2  Tore,  <j>  =  1,  H2/N2O  flame  (top)  and  H2/O2  flame 
(bottom).  The  triangles  show  the  OH  temperature  and  the  circles  the  NH  temperature 
in  the  H2/N2O  flame.  The  boxes  show  the  OH  temperature  in  the  H2O2  flame. 

8 .  Temperature  and  LIF  signal  profiles  for  a  14  Tore,  0=1 .33,  C3H8/N2O  flame.  The 
signal  profiles  are  for  CN,  CH,  and  NH  (top  to  bottom).  The  open  boxes, 
diamonds,  and  solid  boxes  correspond  to  temperatures  measured  using  CN  (B2E+- 
X2£+),  CH  (A^-X2!!),  and  NH  (A3Ili-X3X‘)  rotational  excitation  spectra, 
respectively. 

9 .  Temperature  and  CH  profiles  for  a  6.7  Tore,  0  =  0.96,  C3H8/O2  flame.  The  boxes 
and  circles  show  temperatures  determined  from  CH  (A2A-X2II)  and  CH  (B2£'-X2ri) 
rotational  excitation  spectra,  respectively.  The  bottom  curve  is  the  relative  CH  radical 
concentration.  The  line  through  the  CH  profile  is  synthesized  from  the 
parametrization  data  in  Ref.  5. 
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Table  I.  Data  for  rotational  excitation  scans. 
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aUnit  of  wavelength  is  ntn. 

bBandwidth  needed  to  detect  all  fluorescence  originating  from  excited  levels,  assuming  no  rotational  energy  transfer  occurs. 
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Collisonal  quenching  and  vibrational  energy  transfer  proceed  competitively  with  rotational  energy  transfer  for  several  excited 
states  of  the  diatomic  radicals  OH,  NH,  and  CH.  This  occurs  for  a  wide  variety  of  molecular  collision  partners.  This  phenomenon 
permits  the  examination  of  the  influence  of  rotational  motion  on  the  collision  dynamics  of  these  theoretically  tractable  species. 
Measurements  can  also  be  made  as  a  function  of  temperature,  i.e.,  collision  velocity.  In  OH(A22+),  both  vibniional  transfer 
and  quenching  are  found  to  decrease  with  an  increase  in  rotational  level,  while  quenching  decreases  with  increasing  temperature. 
This  behavior  indicates  that  for  OH  anisotropic  attractive  forces  govern  the  entrance  channel  dynamics  for  these  collisions. 
The  quenching  of  NH(AJIIj)  by  many  (although  not  all)  collision  partners  also  decreases  with  increasing  rotational  and 
translational  energy,  and  NH(c'II)  behaves  much  like  OH(A2Z+).  However,  the  quenching  of  CH(AJA)  appears  to  decrease 
with  increasing  rotation  but  increases  with  increasing  temperature,  suggesting  in  this  case  anisotropic  forces  involving  a  barrier 
or  repulsive  wall.  Such  similarities  and  differences  should  furnish  useful  comparisons  with  both  simple  and  detailed  theoretical 
pictures  of  the  appropriate  collision  dynamics. 


Introduction 

An  ultimate  goal  of  physical  chemistry  is  to  fully  understand 
the  outcome  of  some  collisional  encounter,  be  it  a  chemical 
transformation  or  the  transfer  of  energy  among  the  various  degrees 
of  freedom  of  the  colliders.  This  requires  an  accurate  knowledge 
of  the  potential  surface(s)  involved  or  at  least  those  features  of 
the  potential  that  govern  particular  dynamic  events.  Currently, 
theoretical  techniques  are  beginning  to  provide  realistic  surfaces 
for  small  systems.  Tests  of  the  quality  of  those  surfaces,  and  an 
understanding  of  the  influence  of  different  regions  or  aspects  of 
the  surfaces,  come  from  experiments  designed  to  probe  the  collision 
events  on  a  quantum-level-specific  basis,  selecting  the  initial  state 
(or  a  small  subset)  and  measuring  the  distribution  over  final  states. 
Fully  state  resolved  experiments  are  not  always  possible,  but 
considerable  information  can  still  be  gained  with  partial  state 
selection  in  various  modes.  Diatomic  hydrides  provide  an  im¬ 
portant  class  of  molecules  for  study,  presenting  us  with  fortunate 
opportunities  in  two  respects.  First,  at  least  with  small  collision 
partners,  they  are  amenable  to  detailed  calculation  of  potential 
surfaces  and  trajectories;  such  computations  can  be  expected  to 
be  realistic  even  for  excited  electronic  states.  Second,  due  largely 
to  their  wide  energy  level  spacing,  they  often  afford  good  possi¬ 
bilities  for  achieving  state-resolved  experiments. 

We  consider  here  collisions  of  electronically  excited  states  of 
the  diatomic  hydrides.  For  reasons  of  both  fundamental  and 
practical  interest,  these  states,  particularly  for  the  hydroxyl  radical, 
have  been  the  subject  of  many  studies  by  diverse  means  over  a 
long  period  of  time.  With  modem  laser  methods,  individual 
vibrational  and  rotational  quantum  levels,  or  reasonably  well 
defined  distributions  over  such  levels,  can  be  initially  selected 
within  these  excited  states.  In  many  cases  the  rates  of  quenching, 
vibrational  and  rotational  energy  transfer,  and  translational 
thermalization  are  all  competitive;  that  is,  they  occur  on  similar 
time  scales.  This  enables  the  study  of  the  influence  of  one  of  these 
forms  of  energy  on  collisions  involving  relaxation  of  a  different 
mode,  e.g.,  the  rotational  level  dependence  of  vibrational  energy 
transfer.  This  situation  stands  in  sharp  contrast  to  that  observed 
for  ground  electronic  states,  where  rotational  and  translational 
thermalization  typically  take  place  some  100  times  faster  than 
vibrational  transfer,  thereby  preventing  such  an  examination.  In 


collisional  quenching,  a  special  aspect  of  the  potentials  is  also 
involved,  the  coupling  between  surfaces  for  different  electronic 
states. 

The  first  of  such  studies  was  that  of  downward  vibrational 
energy  transfer  (VET)  in  the  A.2!*  state  of  the  OH  and  OD 
radicals.1-2  For  the  simple  colliders  H2,  D2,  and  N2,  the  VET 
cross  sections  were  found  to  be  on  the  order  of  gas  kinetic  and 
to  decrease  sharply  with  increasing  rotational  level.  This  rapid 
rate  of  transfer,  together  with  other  evidence  discussed  below, 
suggested  that  attractive  forces  and  the  formation  of  a  transitory 
collision  complex  played  a  role  in  the  VET  process,  while  the 
dependence  on  rotational  level  indicated  that  those  forces  were 
anisotropic  in  nature.  Because  the  A  state  of  OH  has  a  large  dipole 
moment,  2.0  D,  an  anisotropic  attractive  interaction  between  it 
and  a  collision  partner  is  not  surprising.  Subsequently,  it  was  found 
that  for  the  colliders  N2  and  02  quenching  of  OH(AJ2+)  varies 
with  rotational  level  in  a  similar  way1  and  that  for  many  quenchers 
the  cross  sections  decrease  with  increasing  temperature  (i.e., 
collision  velocity).4  Thus,  anisotropic  attractive  forces  appear 
important  in  this  process  as  well.  Investigations  of  quenching  of 
the  A}IIj  and  c'll  states  of  NH,  and  the  A2  A  and  B22T  states  of 
CH,  show  a  dependence  on  rotational  level,  while  quenching  of 
both  those  states  of  NH,  the  A2A  state  of  CH,  and  the  A’llj  state 
of  PH  vary  with  temperature.  However,  for  these  radicals  the 
interpretation  is  not  as  simple  and,  for  CH  at  least,  quenching 
appears  to  involve  repulsive  forces  or  a  barrier. 

This  paper  reviews  the  experiments  investigating  these  effects 
of  rotational  and  translational  energy  on  VET  and  quenching  in 
the  diatomic  hydrides  and  speculates  on  possible  reasons  for  such 
behavior.  Many  of  the  ideas  developed  from  experiments  con¬ 
ducted  on  the  OH  radical,  and  the  concepts  thus  involve  the 
attractive  forces  noted  above.  One  of  the  reasons  for  studying 
the  other  hydrides  was  an  attempt  to  generalize  from  the  findings 
on  OH,  but  matters  turned  out  to  be  more  complicated  and  thus 
more  interesting.  The  findings  can  be  considered  in  terms  of  simple 

(1)  Lengel,  R.  K.;  Crosley,  D.  R.  Chem.  Phys.  Lett.  1975,  32.  261. 

(2)  Lengel,  R.  K.;  Crosley.  D.  R.  J.  Chem.  Phys.  1971.  68,  $309 

(3)  McDermid.  I.  S.,  Lsudenslsger,  J.  B.  J.  Chem.  Phys.  1982.  76.  1824 

(4)  Fairchild,  P.  W.;  Smith,  C.  P.;  Crosley,  D.  R.  J  Chem.  Phys.  19(3. 
79,  1795. 
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mechanistic  pictures  and  eventually  compared  with  realistic 
theoretical  calculations.  Thus,  we  can  not  only  develop  elementary 
concepts  concerning  these  collisions  but  also  use  the  results  to  test 
predictions  from  those  sophisticated  theories,  particularly  when 
we  compare  different  electronic  states  of  different  hydrides. 

This  is  not  intended  as  a  review  of  the  field  of  diatomic  hydride 
collisions  as  a  whole  but  is  specialized  to  the  rotational  and 
translational  effects  on  quenching  and  VET  and  the  information 
these  effects  convey  concerning  molecular  interactions.  Earlier 
work  on  OH  and  NH  has  been  summarized  in  the  reviews  of 
Schofield3  and  Slanger,*  respectively.  Occasionally,  large  dis¬ 
crepancies  among  measurements  reported  from  different  labo¬ 
ratories  can  be  seen;  in  at  least  some  cases  this  can  be  attributed 
to  unrecognized  effects  arising  from  the  rotational  and/or 
translational  dependence.  These  interesting  state-specific  effects 
have  immediate  practical  implications  in  determining  fluorescence 
quantum  yields  for  the  large  number  of  studies  in  which  these 
radicals  are  detected  in  practical  systems,  using  the  method  of 
laser-induced  fluorescence  (LIF).  These  include  measurement 
of  OH,  NH.  and  CH  for  combustion  applications5 6 7 8 9  and  monitoring 
of  the  OH  radical  in  the  troposphere*  or  stratosphere.* 

Two  conventions  will  be  utilized  throughout.  First,  the  term 
quenching  is  used  to  denote  total  removal  of  the  molecule  from 
a  given  electronically  excited  state.  This  process,  whose  collisions! 
rate  is  measured  by  the  loss  of  fluorescent  photons  on  either  a 
time-dependent  or  steady-state  basis,  can  indude  chemical  reaction 
as  well  as  conversion  to  the  nonradiating  ground  state  and/or  other 
excited  states.  VET  is  considered  a  distinct  and  different  process, 
occurring  wholly  within  a  particular  electronic  state.  Second,  flan 
the  pressure  (density)  dependence  of  a  pseudo-first-order  decay 
rate,  one  obtains  a  rate  constant  k  in  units  of  cm1  s'1.  This  term 
contains  an  uninteresting  dependence  on  mass  and  temperature 
through  the  collision  velodty,  (v)  m  (8kT/ru)l/1.  We  can  better 
examine  the  effects  of  different  colliders  and  the  influence  of 
collision  energy  on  the  effective  interaction  between  the  radical 
and  collider  through  the  “thermally  averaged”  cross  section  a  * 
k/(o),  in  units  of  cm2,  or  as  usually  used  here.  A1.  A  subscript 
R,  V,  or  Q  on  k  or  a  indicates  the  type  of  process;  rotational 
energy  transfer  (RET),  VET,  or  quenching. 

Rotational  Level  Dependence  and  Collision  Complex 
Formation  in  OH  VET 

The  rotational  dependence  of  collisions  of  a  diatomic  hydride 
was  first  apparent  in  experiments  on  VET  in  the  A22T*  state  of 
the  hydroxyl  radical.1-2  These  measurements  were  made  using 
spectrally  resolved  fluorescence  scans  of  laser-excited  OH.  The 
discharge  flow  system  utilized  is  typical  of  those  employed  for 
many  of  these  studies.  Hydrogen  atoms  are  produced  by  a  mi¬ 
crowave  discharge  in  H2  a  H20;  these  are  then  reacted  with  N02 
to  form  the  OH  molecules.  Collision  partners  are  added  down¬ 
stream  of  the  radical  production  region  and  their  densities  mon¬ 
itored  by  pressure  gauges  and  flowmeters.  Enough  time  is  allowed 
to  permit  the  ground-state  radicals  and  the  colliden  to  mix  and 
to  reach  translational  and  rotational  thermalization  with  the  cell 
walls,  the  latter  condition  checked  by  LIF  excitation  scans  which 
measure  the  rotational  population  distribution  within  the  ground 
state. 

In  these  VET  experiments,  the  beam  from  a  pulsed  tunable  lass’ 
was  directed  into  the  cell,  exciting  the  OH  to  the  v'  ■  1  vibrational 
level  of  the  A  state.  This  ultraviolet  transition,  near  282  nm, 
requires  the  use  of  frequency-doubled  dye  laser  radiation.  Typical 
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Figure  I.  Fluorescence  scan  in  the  presence  of  1  Torr  of  H2  collider, 
exciting  the  N’ m  3,  J' m  3*/j  level  of  the  v'  ■  1  vibrational  level  in  A*Z* 
OH.  Emission  to  the  right  of  3120  A  is  the  (1,1)  band  and  consists 
mostly  of  five  strong  lines  originating  from  the  initially  pumped  rotational 
level,  showing  that  little  RET  has  occurred.  Fluorescence  at  shorter 
wavelengths  is  the  (0,0)  band,  emitted  by  OH  molecules  which  have 
undergone  VET  from  o'm  1  to  0.  Comparison  of  the  intensities  shows 
that  more  VET  has  taken  place  than  RET  in  c'“  1. 

laser  pulse  durations  in  current  LIF  experiments  of  this  type  arc 
10  ns.  The  laser  was  tuned  to  a  line  sufficiently  isolated  spectrally 
that  a  single  rotational  level  in  the  upper  state  was  populated  by 
the  laser.  The  fluorescence  at  right  angles  was  collected  with  a 
lens  system,  dispersed  with  a  scanning  monochromator,  and  de¬ 
tected  with  a  photomultiplier.  It  was  then  processed  with  a  gated 
integration  system  which  recorded  signals  only  during  and  shortly 
after  the  laser  pulse,  thereby  avoiding  background  noise  (dark 
current  and  light  from  the  discharge)  during  the  long  period 
between  laser  pulses,  which  occur  at  typical  repetition  rates  of 
tens  of  hertz. 

A  fluorescence  spectrum  from  this  experiment  is  shown  in 
Figure  1.  Here,  the  electronic  gate  is  set  long  enough  to  integrate 
in  time  over  the  entire  time  evolution  of  the  fluorescence  pulse 
which,  in  the  presence  of  no  added  collider,  occurs  with  a  decay 
time  of  about  700  ns.  This  spectrum  was  obtained  in  about  1  Torr 
of  added  H2  collider.  The  lines  to  the  right  of  3124  A  arc  primarily 
the  (1,1)  band,  emitted  by  radicals  in  the  initially  pumped  o'  * 
1  level,  while  the  denser  spectrum  at  shorter  wavelengths  is  the 
(0,0)  band,  due  to  OH  molecules  in  the  v'  *  0  level  populated 
by  VET  collisions  with  the  hydrogen.  Note  that  the  (1,1)  band 
comprises  five  strong  lines  and  a  few  much  smaller  ones.  The 
strong  lines  all  arise  from  the  initially  pumped  rotational  level 
N'm  3,  and  their  predominance  shows  that  little  RET  has  occurred 
within  o'  ■  1.  However,  the  intensity  of  the  (0,0)  transition 
indicates  that  considerable  VET  has  taken  place.  Because  most 
of  the  OH  molecules  which  remain  in  r '  *  1  at  this  pressure  are 
still  in  N’ m  3,  most  of  those  which  have  undergone  VET  have 
come  from  N' m  3  as  well,  and  the  measured  VET  cross  section, 
try,  will  be  specific  to  that  particular  level.  This  competition  in 
which  RET  is  slower  than  VET,  illustrated  dearly  in  Figure  1 
for  collisions  with  H2,  is  the  basis  for  the  ability  to  determine 
rotational-state-specific  cross  sections  for  VET  and  quenching  in 
the  diatomic  hydride  radicals.  The  intensities  of  the  fluorescence 
in  the  two  bands  seen  in  Figure  1  can  be  integrated  to  furnish  the 
populations  in  the  two  vibrational  levels,  which  are  then  readily 
analyzed  to  yield  the  VET  cross  sections. 

For  the  colliders  H2,  D2,  and  N2  the  ay  are  large,  10-25  A2 
for  the  lowest  rotational  level,  N'm  0.  Further,  the  av  were  found 
to  decrease  sharply  with  increasing  N',  falling  in  the  case  of  N2 
a  factor  of  2  between  N’  *  0  and  5.  The  results  for  H2  and  N2 
are  given  in  Figure  2,  plotted  in  the  form  In  (ev)  vs  N\N'+  1 ), 
a  wholly  empirical  relationship  discussed  later.  This  phenomenon 
was  attributed  to  the  formation  of  a  transitory  collision  complex 
with  entrance  channel  dynamics  dominated  by  anisotropic  at¬ 
tractive  forces.1-2  The  lifetime  of  this  complex  is  not  specified, 
but  it  is  longer  than  a  rotational  period  and  lengthy  enough  to 
permit  a  significant  amount  of  scrambling  of  energy  among  the 
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Figure  2.  Crocs  sections  for  VET  due  to  H2  and  Nj.  The  logarithm  of 
«v  is  plotted  vs  N\N'+  1),  i.e.,  the  rotational  energy.  This  empirical 
correlation  appears  to  work  well  for  lower  rotational  levels  but  not  for 
higher  ones,  as  shown  by  the  lines. 

different  vibrational,  rotational,  and  translational  degrees  of 
freedom  of  both  the  OH  and  the  collision  partner. 

The  evidence  for  such  a  complex  is  as  follows.3  The  first  is 
simply  the  large  size  of  the  <rv.  with  a  range  appropriate  to  in¬ 
teractions  of  a  highly  polar  species  like  A-state  OH.  This  is  not 
caused  by  resonant  energy  exchange.  This  can  be  seen  by  com¬ 
paring  the  VET  cross  section  of  1 5  A1  by  D2,  whose  vibrational 
spacing  matches  that  of  OH  within  4  cm-1,  with  the  *v  of  the  10 
A2  for  Hj  which  has  an  energy  mismatch  of  1460  cm*1.  Similar 
arguments  can  be  applied  to  N2  relaxing  OH  and  OD;  further, 
the  <rv  vary  smoothly  with  N’  (see  Figure  2),  not  irregularly  as 
might  be  expected  for  resonances  dependent  upon  detailed  vi¬ 
brational-rotational  level  spacings.  Altogether,  the  cross  sections 
are  not  strongly  dependent  upon  isotope,  indicating  that  the  in¬ 
ternal  level  structure  of  the  collision  partner  plays  little  role.  (On 
the  other  hand,  the  complexes  are  not  so  long-lived  as  to  facilitate 
chemical  exchange,  e.g.,  between  D2  and  OH  to  yield  excited  OD.) 
The  rotational  population  distribution  in  o'  ■  0,  of  OH  molecules 
that  have  undergone  VET,  can  be  described  by  a  temperature, 
albeit  one  which  is  hotter  than  the  gas  temperature:  600-700  K 
for  H2  and  D2  and  900  K  for  N2.  Further,  this  distribution  appears 
independent  of  the  TV' initially  excited  in  o'  *  1.  This  suggests 
a  partial  conversion  of  OH  vibrational  energy  into  OH  rotational 
energy,  but  in  a  statistical  way  as  might  be  expected  with  rapid 
energy  flow  in  the  four-atom  complex.  Measurements  were  also 
made  of  the  rate  of  transfer  from  o'  “  2.  Although  less  accurate 
because  of  poorer  knowledge  of  the  rotational  distribution  in  o 
■  1  resulting  from  2  — *  1  transfer,  they  showed  definitively  for 
N2  that  <xv(2— *1)  ~  <rv(2-*0)  ~  <rv(l-*0).  Relaxing  5800  cm'1 
of  vibrational  energy  as  easily  as  3000  cm'1  cannot  be  readily 
explained  in  conventional  pictures  of  VET  involving  a  purely 
repulsive  interaction  potential.  Thus,  there  are  several  separate 
facts,  all  indicating  the  existence  of  a  collision  complex  in  VET 
of  A2I+  OH  molecules,  a  picture  which  underlies  many  of  the 
subsequent  concepts  and  postulates  (though  not  always  the  results) 
concerning  collisions  of  excited  diatomic  hydrides. 

Within  this  framework  of  collision  complex  formation,  the 
rotational  level  dependence  was  explained  as  follows.1-2  The  polar 
nature  of  the  OH  molecule  leads  to  a  highly  anisotropic  surface, 
having  in  some  orientations  deep  attractive  valleys  which  can  lead 
to  more  efficient  complex  formation  and  thereby  enhance  the  VET 
process.  When  the  OH  is  not  rotating,  it  and  the  oollider  can  easily 
find  these  valleys  and  lock  together  to  form  the  complex.  As  the 
OH  rotates,  however,  it  averages  over  the  surface  during  the 
approach  of  the  collision  pair  and  washes  out  the  influence  of  these 
particularly  efficacious  regions.  Thus,  the  decrease  in  <rv  with 
increasing  A"  is  due  to  a  decrease  in  the  cross  section  for  complex 


Figure  3.  Decay  constants  for  c'  *  0  plotted  vs  pressure  of  added  C02 
collider,  for  several  rotational  levels  of  OH  (upper  panel)  and  OD  (lower 
panel).  The  rate  constant  for  quenching  is  obtained  from  the  slope,  and 
the  intercept  is  the  radiative  rate.  Note  the  striking  variation  of  slope 
with  TV'. 

formation.  Trajectory  studies10  on  vibrational  transfer  in  HF-HF 
collisions  indicated  that  such  a  mechanism  could  be  operative, 
although  no  such  state-specific  experimental  evidence  is  available 
on  that  system.  The  OH  results  are  also  in  accord  with  the  finding 
that  cxq  is  independent  of  the  fine  structure  level  associated  with 
each  rotational  level  in  ths  22  state;  that  is,  the  effects  are  due 
to  the  mechanical  rotation  of  the  radical. 

VET  in  A-state  OH  was  further  studied  by  German,11  who  at 
the  same  time  investigated  quenching  by  measuring  the  time 
dependence  of  the  fluorescence  signals.  For  this  purpose,  a  signal 
integrator  gate  width  of  50  ns  was  used  and  the  time  delay  between 
the  laser  pulse  and  the  gate  varied  to  trace  out  the  decay  curve. 
With  increasing  collider  density  and  collisional  removal  of  the 
excited  state,  the  decay  constant  becomes  progressively  faster;  its 
slope  when  plotted  vs  density  furnishes  the  rate  constant  for  the 
removal  process.  Figure  3  shows  such  plots  (taken  from  a  later 
quenching  study  described  below).  The  vibrationless  v'  *  0  level 
can  decay  only  by  quenching  and  radiation,  v'  =  I  can  be  col- 
iisionally  removed  by  both  quenching  and  VET;  a  combination 
of  lifetime  and  fluorescence  intensity  measurements  is  necessary 
to  determine  both  cross  sections.  German  found  that  the  total 
removal  (<rv  +  oq)  from  v'  ■  1  decreased  with  increasing  TV' for 
the  three  colliders  H2,  N2,  and  02,  in  general  agreement  with  the 
results  of  ref  1.  A  decrease  of  aQ  for  both  v'  *  1  and  0  with 
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increasing  N'  was  also  indicated,  although  the  reported  variation 
is  often  less  than  the  accompanying  uncertainties. 

In  only  two  other  studies,  both  of  which  are  much  more  recent, 
has  collider-specific  VET  of  OH  (or  any  other  radical)  been 
studied  in  sufficient  detail  to  permit  an  examination  of  the  ro¬ 
tational  level  dependence.  These  studies  again  used  combinations 
of  fluorescence  scans  and  time  decay  measurements.  N2, 02,  and 
H20,  the  important  colliders  for  atmospheric  monitoring  purposes, 
were  investigated  by  Burris  et  al.12  while  collisions  with  H20,  NH3, 
C02,  CH4,  N20,  N2,  SF4,  and  CF4  are  described  in  ref  13.  In 
general,  the  findings  are  in  good  agreement  among  all  four  of  these 
collider-specific  flow  cell  investigations.  The  total  decay  from 
the  excited  state  decreases  with  increasing  A'  for  all  colliders  (save 
the  highly  polar  H20  and  NH3,  for  reasons  discussed  below).  A 
rotational  distribution  in  v'  «*  0  described  by  a  temperature  of 
7S0  K  for  N2  collisions  was  found  in  ref  13,  similar  to  that  reported 
in  ref  2.  However,  a  close  examination  of  the  spectra  for  different 
initially  excited  A" in  o'*  1  does  reveal  small  differences  (see  also 
ref  14  for  spectra  under  lower  resolution),  suggesting  a  weak 
memory. 

The  variation  in  <rv  and  <tQx»,  were  separately  determined  for 
C02  (ref  13)  and  for  N2  and  02  (ref  12).  For  all  three  colliders 
it  appears  that  <rv  decreases  less  rapidly  with  A"  than  does 
although  in  each  case  2-<r  error  bars  are  compatible  with  equal 
variation.  If  a  collision  complex  is  formed  which  then  leads  to 
both  VET  and  quenching,  the  variation  of  the  cross  section  with 
A' should  be  the  same  for  each  process.  If  different,  the  depen¬ 
dence  for  both  processes  cannot  be  governed  solely  by  an  aniso¬ 
tropic,  attractive  interaction.  This  point,  although  not  outside  the 
uncertainties  in  a  difficult  experiment,  is  a  worrisome  inconsistency 
in  an  otherwise  understandable  body  of  data  on  VET  in  A2!!*  OH. 
It  deserves  further,  more  careful  investigation  for  these  colliders 
and  others. 

The  rotational  dependence  of  VET  of  OH  has  also  been  studied 
in  a  flame  at  atmospheric  pressure,15  using  steady-state  fluores¬ 
cence  intensity  ratios.  CH4  was  burned  in  air,  and  the  OH  was 
excited  near  the  flame  front  region,  so  that  a  variety  of  collision 
partners  were  present  and  some  temperature  gradient  was  likely 
sampled.  Spectrally  resolved  fluorescence  furnished  relative  <rv. 
which  were  found  to  decrease  with  A' similarly  to  the  flow  cell 
results. 

Attractive  Forces  and  Rotational  Level  Dependence  in  OH 
Quenching 

McDermid  and  Laudenslager,3  also  motivated  largely  by 
quantum  yield  considerations  for  atmospheric  monitoring  of  OH, 
used  the  time  dependence  of  the  decay  of  total,  unflltered 
fluorescence  from  the  v’m  0  level  to  determine  quenching  cross 
sections  aQ  for  the  colliders  N2, 02,  H20,  and  H2.  A  two-chamber 
flow  cell  with  differential  pumping  maintained  the  background 
gas  pressures  from  the  OH  production  at  very  low  values.  A 
transient  recorder  was  used  to  record  the  decay  traces  at  different 
collider  pressures.  This  work  was  the  first  in  which  a  rotational 
level  dependence  of  the  quenching  could  be  unambiguously  dis¬ 
cerned.  It  was  observed  for  N2  and,  less  markedly,  for  02.  In 
addition,  the  measured  cross  sections  are  similar  in  size  to  the  ev 
reported  in  ref  1,  2,  and  1 1 .  This  suggested  that  quenching  too 
is  governed  by  anisotropic,  attractive  forces. 

A  more  extensive  study  of  these  effects  was  conducted  in  our 
laboratory.  The  cell  was  also  differentially  pumped,  similar  in 
design  to  that  of  McDermid  and  Laudenslager.  A  scanning  gated 
integrator  was  used  in  the  first  set  of  measurements,16  in  which 
a  latger  set  of  rotational  levels  was  studied  for  the  same  collision 
partners  and  for  the  deuterated  species  D2  and  D20.  A  lateT  series 
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of  measurements17  utilized  a  transient  digitizer  and  included  OD 
and  a  much  larger  set  of  colliders.  The  findings  were  largely  in 
accord  with  expectations  from  the  VET  results:  large  cross  sections 
for  most  colliders,  varying  in  a  manner  consistent  with  attractive 
forces  (this  could  also  be  anticipated  from  measurements  of  oQ 
at  elevated  temperature4  as  discussed  below);  identical  behavior 
for  deuterated  and  protonated  species;  and  a  nearly  universal 
decrease  of  oQ  with  increasing  A'. 

We  first  consider  the  role  which  attractive  forces  play  in  the 
quenching  process.  Unlike  VET,  where  we  could  examine  cross 
sections  for  different  v',  a  lack  of  resonance  effects,  etc.,  we  have 
here  only  the  variation  in  cross  section  among  collider  (and  the 
temperature  dependence  discussed  below).  The  lack  of  isotope 
dependence  indicated  that  the  quenching  is  governed  not  by  in¬ 
ternal  levels  but  by  electronic  interactions,  and  prompted  a  simple 
theoretical  examination  in  terms  of  attractive  forces  and  collision 
complex  formation.4-17  One  such  picture,  suggested  by  Parmenter 
and  co-workers,11  correlates  the  cross  section  with  the  well  depth 
of  the  radical-collider  interaction.  The  only  experimental  well 
depth  for  these  excited  radical  colliders  is  from  a  recent  study  of 
OH(A22+)-Ar  van  der  Waals  complexes.19  A  strongly  attractive 
700  cm'1  deep  well  and  several  bound  vibrational  levels  were  found. 
For  the  molecules  studied  here,  the  radical-collider  well  depths 
had  to  be  estimated  for  correlation  purposes  by  the  square  root 
of  the  collider-collider  well  depth,  usually  obtained  from  boiling 
point  data.  For  OH  some  correlation  can  be  found.4 

However,  more  successful  was  an  approach  adapted  from  that 
used  by  Lee  and  co-workers20  to  describe  quenching  in  S02.  The 
model  was  formulated  in  terms  of  attractive  interactions  involving 
multipole  moments  between  the  excited  OH  and  the  collider. 
These  r'2,  r*4,  and  r*  interactions  arise  from  dipole-dipole,  di- 
pole-quadrupole,  and  dipole-induced  dipole  plus  dispersion  forces, 
respectively;  they  can  be  calculated  from  known  (or  reasonably 
estimated,  if  necessary)  dipole  and  quadrupole  moments,  polar¬ 
izabilities,  and  ionization  potentials.  In  addition,  the  potential 
includes  a  repulsive  centrifugal  barrier  1(1  +  /J/r-2,  where  the 
collisional  angular  momentum  /  can  be  expressed  in  terms  of  the 
collision  energy  and  impact  parameter.  If,  for  a  given  energy, 
the  impact  parameter  is  small  enough,  the  collision  pair  can 
surmount  this  barrier  and  form  a  complex;  as  it  later  dissociates, 
it  will  form  X2n;  OH  part  of  the  time  (probability  P)  and  form 
AJ2:+  OH  the  rest  of  the  time.  For  this  simple  one-dimensional 
potential,  trajectories  can  be  readily  calculated  and  integrated  over 
a  thermal  velocity  distribution  (see  ref  4)  to  yield  a  thermally 
averaged  cross  section  oCF  for  complex  formation.  Then  aQ  * 
Pact-  There  is  no  reason  a  priori  to  expect  P  to  be  the  same  for 
each  collision  partner,  although  a  large  variation  among  colliders 
would  invalidate  the  idea  of  a  collision  governed  predominantly 
by  attractive  force,  entrance  channel  dynamics. 

A  plot  of  ctq  vs  ffcF  for  A2X*  OH  shows  a  good  correlation  for 
many  colliders,  with  a  value  of  P  *  0.5  at  room  temperature.17 
Notable  exceptions  are  CF4  and  SFt,  for  both  of  which  oCF  is  near 
80  A2  but  experimental  upper  limits  give  oQ<  3  A2.  Also,  N2 
has  a  conspicuously  low  P  value  near  0.1 .  It  was  suggested  that 
each  of  these  molecules  is  efficient  at  complex  formation  but 
inefficient  at  mixing  the  I  and  II  states  during  the  lifetime  of 
the  complex.  One  would  then  expect  them  to  be  efficient  at  VET, 
which  depends  only  on  energy  redistribution  and  not  state  mixing. 
N2  was  already  known1-11  to  have  a  large  <rv.  and  this  was  later 
found  to  be  true  for  the  fluorinated  species  85  well.13  For  large 
molecules,  including  an  isomeric  set  of  butenes,  the  model  does 
not  work.21  Here,  the  quenching  cross  sections  are  larger  than 
the  calculated  eCT-  3  result  attributed  to  a  breakdown  in  the  ability 


(17)  Copeland,  R.  A.;  Dyer.  M.  J.;  Crotley,  D.  R.  J  Chem.  Phys.  1985. 
82,  4022. 

(18)  Lin,  H.  M.;  Seaver,  M.;  Tang.  K  Y.;  Knight.  A.  E.  W.;  Parmenter. 
C.  S  J  Chem.  Phys  1979.  70.  5442 

(19)  Berry,  M.  T.;  Brusiein,  M.  R.;  Lester.  M.  I.  Chem  Phys  Lett  19*8. 
153.  17. 

(20)  Holtermann,  D.  L.;  Lee,  E.  K.  C.;  Nanes.  R.  J.  Chem.  Phys  19*2. 

77.  5327.  . 
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Figure  4.  Cross  sections  for  quenching  t>'«  0  plotted  in  logarithmic  form 
vs  the  rotational  energy,  for  OH  and  OD  with  the  two  colliders  N20  and 
CO].  Both  isotopes  fit  on  the  same  curves  when  plotted  in  this  way. 

to  describe  these  molecules  by  simple  pointwise  multipole  moments. 
In  spite  of  these  exceptions,  it  appears  safe  to  conclude  that  the 
quenching  of  A1!*  OH,  like  VET  in  the  same  state,  is  often 
controlled  by  attractive  forces,  which  depend  on  interactions  among 
the  electronic  wave  functions  but  not  strongly  on  the  internal 
vibration-rotation  level  structure  of  the  collider  pair. 

The  simple  model  considered  only  a  one-dimensional  potential, 
with  the  nonrotating  OH  and  its  collision  partner  aligned  in  the 
most  favorable  orientation.  All  of  the  attractive  forces  except 
dispersion  involve  the  direction  of  the  dipole  moment  of  the  OH 
so  that  one  expects  a  high  degree  of  anisotropy.  Attractive  forces 
with  distinctive  anisotropy  are  evident  in  an  ab  initio  calculation22 
of  the  potential  for  OH(A22T*j  interacting  with  CO(XT*j.  Thus, 
one  does  indeed  expect  valleys  in  the  potential  surface,  along  which 
the  approach  is  especially  favorable.  Huo2>  assembled  a  simple 
model  potential  with  dipole-dipole  interactions  in  two  different 
directions,  elaborating  on  our  qualitative  picture.  These  trajectory 
calculations  showed  a  25%  decrease  in  <rQas  N' increased  from 
0  to  5. 

A  plot  of  decay  constant  vs  pressure  of  added  C02,  for  both 
OH  and  OD  in  o' *  0,  adapted  from  ref  17,  is  shown  in  Figure 
3.  The  slope,  i.e.,  value  of  oq,  clearly  varies  strongly  with  rotational 
level.  Cross  sections  were  measured  for  19  colliders,  and  a  sig¬ 
nificant  rotational  level  dependence  was  found  for  all  but  the  rapid 
quenchers  C2H4,  C2H4,  C2H2,  and  CCI4,  for  which  <rQ  is  between 
80  and  120  A2.  The  rotational  effects  were  studied  for  both 
isotopes  with  C02  (Figure  3)  and  N20,  the  colliders  exhibiting 
the  largest  N'  dependence,  in  the  hopes  that  some  mechanistic 
insight  might  be  gained.  The  crass  sections  are  plotted  in  Figure 
4  in  the  form  In  (ffQ(N0]  vs  the  variable  BN'(N’+  1),  i.e.,  the 
rotational  energy.  Both  isotopic  forms  fit  on  the  same  plot;  plots 
vs  BN\  that  is,  the  rotational  frequency,  do  not  show  as  good  a 
correlation.  Cross  sections  with  other  collision  partners,  plotted 
as  in  Figure  4,  ai»o  produce  straight  lines.  The  results  of  ref  2, 
for  v‘  *  1  -*  0  VET,  for  collisions  with  N2  and  H2  are  examined 
in  the  same  way  in  Figure  1.  It  appears  that  the  mechanism 
producing  the  rotational  dependence  is  the  same  for  both 
quenching  of  v'  *  0  and  VET  from  v'  *  1. 

This  correlation,  however,  does  not  reveal  the  details  of  this 
mechanism  for  there  is  yet  no  theoretical  basis  for  this  or  any  other 
type  of  dependence  on  rotational  energy.  Conclusions  may  be 
drawn  by  fitting  data  to  some  established  relationship;  however, 
an  unknown  relationship  cannot  be  proven  in  this  manner.  We 
stress  that,  although  this  correlation  with  the  rotational  energy 
is  reminiscent  of  an  energy  gap  law,  that  simple  picture  is  not 
applicable  here.  In  the  process  of  VET  or  quenching  of  A2!*  OH, 
some  3000  cm*1  of  vibrational  or  30000  cm*1  of  electronic  energy. 
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1988;  NATO  ASI  Ser.  C245,  p  393. 
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respectively,  is  converted  into  other  forms.  The  OH  internal  energy 
thus  changes  considerably,  much  more  than  the  maximum  value 
of  500  cm*1  of  rotational  energy  variation  involved  here.  Perhaps 
the  relationship  illustrated  in  Figures  1  and  4  can  be  explained 
in  simple  theoretical  terms;  perhaps  insight  into  its  meaning  re¬ 
quires  investigation  through  complex  numerical  trajectory  com¬ 
putations  on  realistic  surfaces.  We  believe  that  it  does  reflect  the 
behavior  of  the  collision  partners  sampling  the  entrance  region 
to  the  potential  surface(s)  cm  which  both  quenching  and  VET  take 
place  and  hope  that  such  state-specific  results  will  provide  detailed, 
useful  comparison  with  theory. 

Rotational  Level  Dependence  of  Quenching  in  NH 

The  first  direct  investigation  of  the  rotational  level  dependence 
of  quenching  in  a  hydride  other  than  OH  was  performed  by 
Hofzumahaus  and  Stuhl24  on  the  A1!!,  state  of  the  NH  radical. 
Sequential  multiphoton  photolysis  of  NH3  by  an  ArF  laser  at  193 
nm  produced  the  NH  directly  in  the  excited  state;  the  nascent 
rotational  distribution  was  nonthermal  but  well-defined  with  a 
maximum  population  between  N'  *  8  and  13.  Quenching  was 
then  determined  from  the  pressure  dependence  of  the  time  decays 
of  the  resulting  fluorescence  emission  following  the  photolysis  laser 
pulse.  A  monochromator  dispersed  the  fluorescence,  with  a  wide 
exit  slit  to  detect  all  Q-branch  lines  of  the  (0,0)  band.  This  avoided 
potentially  complicating  effects  in  the  observed  time  (and  pressure) 
dependence  due  to  RET  among  the  A-state  levels. 

Although  the  translational  energy  was  not  measured  directly 
in  this  experiment,  there  is  little  available  from  the  dissociation 
process,  so  the  collision  temperature  is  likely  near  300  K.  (Because 
<rQ  can  depend  on  both  rotation  and  translation,  it  is  important 
that  both  distributions  be  specified  when  comparing  results.  This 
is  often  not  possible  and  has  caused  confusion  in  the  past;  see  ref 
25  for  a  discussion  of  this  point  concerning  various  NH  quenching 
measurements.)  Addition  of  ~  100  Torr  of  N2,  found  to  be  a  very 
inefficient  quencher  of  A-state  NH,  cools  the  rotational  levels  to 
a  300  K  distribution.  In  this  way,  o0  were  determined  for  dis¬ 
tributions  over  both  high  and  low  rotational  levels  for  the  colliders 
H2  and  NH3;  oq  was  higher  by  50%  for  the  lower  /V'.  A  subse¬ 
quent  study26  included  CO  and  02  quenchers  and  Ar  relaxer,  with 
similar  results.  The  cross  sections  are  about  half  those  measured 
for  A2£+  OH  with  the  same  colliders  and  suggest  at  least  for  NH} 
a  significant  role  of  attractive  forces.  Thus,  the  same  mechanism 
probably  governs  the  rotational  level  dependence  in  both  hydrides. 
For  C02  no  dependence  on  rotational  level  was  found.26-27 
However,  the  cross  section  for  this  collider  is  much  smaller,  only 
1  A2  compared  with  70  A2  for  OH  in  N' m  0,  and  rotational 
thermalization  likely  occurs  before  quenching  thus  preventing  the 
observation  of  any  rotational-level-dependent  oq. 

Quenching  of  single  rotational  levels  was  investigated  by  using 
LIF  excitation  of  NH  produced  in  a  discharge  flow  system;25  the 
experimental  method  and  apparatus  were  the  same  used  for  the 
OH  measurements  of  ref  17.  Nine  collision  partners  were  in¬ 
vestigated;  of  these,  all  but  CO}  and  N20  showed  a  rotational  level 
dependence.  With  the  exception  of  these  last  two  colliders,  the 
cross  sections  are  between  7  and  100  A2  and  show  some  though 
not  impressive  correlation  with  either  the  well  depth  or  multipole 
model  calculations,  oq  for  H20  and  D20  are  the  same  (as  are 
those  for  H2  and  D2  measured  for  a  thermal  distribution  at  high 
temperature2*),  indicating  again  that  the  internal  levels  of  the 
collider  are  unimportant.  From  these  rotational-level-specific 
results25  one  can  calculate  an  effective  oQ  for  a  300  K  rotational 
distribution  to  compare  with  the  values  measured  directly  for  a 
thermal  distribution.  The  calculated  cross  sections  are  between 
10%  and  20%  larger  than  those  of  ref  24  and  26  for  H2,  CO,  02, 
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C2Ht,  H20,  and  NH),  and  the  same  for  C02,  constituting  rea¬ 
sonable  agreement  between  two  very  different  methods  of  de¬ 
termining  the  same  quantity.  Recently,29  sequential  multiphoton 
photolysis  of  NH}  to  produce  ground-state  NH  has  been  followed 
by  single-level  LIF  excitation,  to  directly  measure  aQ( TV1)  for  NH3 
collider.  Line  width  measurements10  indicate  a  translational 
temperature  below  900  K.  The  results  from  the  Bochum  and  SRI 
laboratories  again  differ  uniformly  by  this  same  20%. 

Contrasting  with  the  results  from  both  the  photolysis  and  the 
LIF  measurements  for  NH3  collider,  however,  are  findings  from 
a  quite  different  method.1'  Here,  the  NH  was  formed  from 
dissociation  of  NH3  by  a  beam  of  2-keV  electrons,  and  the  time 
decay  of  the  resulting  emission  was  monitored  through  a  high- 
resolution  monochromator.  The  authors  report  finding  smaller 
rate  constants  for  lower  rotational  levels,  noting  that  this  is  contrary 
to  the  results  of  Hofzumahaus  and  Stuhl.  Many  rotational  levels 
are  produced  in  this  process  although  only  one  fine-structure 
component  of  one  rotational  level  was  monitored  for  each  decay 
measurement.  Thus,  RET  by  the  NH3  could  affect  the  results, 
through  simultaneous  filling  and  depletion  of  the  level  detected. 
However,  RET  like  quenching  proceeds  more  slowly  for  higher 
TV',  as  shown  by  a  comparison  of  the  results  of  ref  24  for  N'  * 

13  (<rR/ oq  ~  0.5)  and  ref  29  for  TV'*  3  (<rR  >  <tq),  so  the  reason 
for  this  discrepancy  is  not  known. 

The  cross  sections  reported  in  ref  25  exhibit  acceptably  straight 
lines  when  plotted  in  the  form  In  [<tq(TV')]  vs  TV'(TV'  +  1).  From 
these  plots  and  also  an  examination  of  the  results  for  OH,  one 
finds  that  the  more  efficient  quenchers  show  a  smaller  variation 
with  rotational  level.  An  explanation  for  this  is  as  follows.  An 
especially  efficient  quencher  like  polar  NH3  forms  strong  attractive 
interactions  over  the  entire  potential  surface,  so  the  complex  can 
form  readily  regardless  of  approach  angle.  Thus,  the  additional 
attraction  at  preferred  orientations  adds  little,  and  the  cross  section 
is  not  enhanced  for  rotationless  or  slowly  rotating  radicals,  as  it 
is  in  the  case  of  a  less  efficient  collider. 

The  /V' dependence  has  also  been  examined  in  measurements1111 
conducted  in  low-pressure  flames  of  H2  and  hydrocarbons  burning 
in  N20.  Although  quite  different  from  discharge  flow  cell  con¬ 
ditions.  this  is  a  convenient  way  to  study  higher  rotational  levels. 

At  14-Torr  total  pressure,  the  time  decay  of  LIF  following  sin¬ 
gle-level  excitation  was  monitored.  The  quenching  rate  was  de¬ 
termined  from  measurements  at  a  fixed  pressure  by  subtracting 
the  known  radiative  contribution  and  dividing  by  the  total  gas 
density.  The  collisional  environment  where  the  NH  could  be  found 
ranged  from  fuel  plus  N^  near  1400  K  to  H20  plus  N2  near  2200 
K.  A  decrease  in  the  total  quenching  rate  of  about  5%  was  found 
when  N'  was  varied  from  2  to  12.  This  result  may  be  due  to  a 
small  TV' dependence  of  aQ  for  the  species  involved  (recall  that 
N20  exhibits  none)  or  a  diminished  N'  dependence  at  higher 
temperature  (as  seen  for  OH-H20  collisions  described  below). 

The  rotational  level  dependence  of  quenching  of  the  c’ll  state 
of  NH  has  also  been  investigated.  The  c  state  can  be  produced 
by  multiphoton  photolysis  of  some  precursor  or  by  LIF.  In  the 
latter  method,  excitation  is  from  the  metastable  a'A  state,  formed 
in  turn  by  photolysis  or  in  a  discharge  flow  system.  Rohrer  and 
Stuhl14  used  ArF  photolysis  of  HN3  to  determine  cross  sections 
for  many  collision  partners.  The  nascent,  hot  c-state  distribution 
was  cooled  to  300  K  by  addition  of  At.  The  cross  sections  are 
very  close  to  those  for  AJ2+  OH  (and  quite  unlike  those  for  A}IIj 
NH)  for  nearly  all  the  colliders  studied.  Additionally,  ab  initio 
calculations  for  NH(c)-H2  collisions15  show  a  distinctly  anisotropic 
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surface.  Thus,  one  might  expect  a  rotational  level  dependence 
like  that  for  OH. 

Little  N'  dependence  has  been  found,  however.  Intersystem 
transfer,  c  -►  A,  was  investigated  for  four  colliders  in  both  the 
absence  and  presence  of  added  Ar  relaxer.16  02  and  NO  were 
found  to  have  smaller  cross  sections  for  the  300  K  rotational 
distribution  than  for  the  hot  initial  distribution.  For  02,  this  was 
attributed  to  resonant  energy  exchange  involving  metastable  states 
of  the  collider,  but  no  such  explanation  could  be  given  for  NO. 
Quenching  by  Xe  showed  no  TV' dependence,  while  that  by  N20 
was  smaller  for  the  higher  N'  distribution. 

Umemoto  et  al.37  made  quenching  measurements  by  LIF,  ex¬ 
citing  single  levels  of  c'll  from  the  a’A  state,  which  was  produced 
in  the  multiphoton  XeCl  laser  photolysis  of  HN3.  The  a-state 
NH  was  formed  with  a  large  amount  of  translational  energy, 
equivalent  to  a  temperature  of  10500  K;  exciting  the  c-state 
promptly  after  the  photolysis  pulse  ensures  it  has  this  same  high 
collision  velocity.  The  authors  report  cross  sections  for  nine 
colliders,  with  1-e  error  bars  of  17%.  No  rotational  level  de¬ 
pendence  between  N'  *  2  and  8  could  be  discerned  within  this 
uncertainty.  (The  results  are  compatible  with  those  of  ref  36  for 
N20,  given  the  error  limits  in  each  experiment.)  The  authors  also 
describe  a  large  series  of  oQ  measurements  at  a  translational 
temperature  of  300  K,  using  He  relaxer;  however,  this  produces 
at  the  same  time  a  thermal  rotational  distribution  so  that  TV- 
specific  cross  sections  could  not  be  determined.  Therefore,  the 
lack  of  an  observed  TV' dependence  in  NH(c'II)  quenching  at  high 
temperature  may  be  inherent  to  this  state  or  may  reflect  a  de¬ 
creased  TV' dependence  at  higher  collision  energy.  In  either  event, 
the  c'n  state  should  provide  useful  comparisons  with  theoretical 
models  (e.g.,  ref  35  for  H2  collisions).  Rotational-level-specific 
quenching  at  room  temperature,  through  discharge  flow  production 
of  a'A  or  b'2+  and  LIF  time  decay  measurements,  is  highly 
deserving  of  study. 

Rotational  Level  Dependence  of  Quenching  of  CH 

The  rotational  dependence  of  quenching  in  the  CH  radical  has 
been  investigated  very  little,  although  quenching  studies  have  been 
made  on  both  the  A2A  and  B22T  states.  Each  can  be  produced 
either  by  multiphoton  photolysis  of  a  suitable  precursor  or  by  LIF 
from  the  ground  X2II  state.  In  view  of  the  fact  that  the  quenching 
of  CH(A)  appears  to  be  governed  by  repulsive,  not  attractive, 
forces  (see  below),  its  rotational  level  dependence  is  of  particular 
interest. 

Nokes  and  Donovan1*  used  multiphoton  ArF  photolysis  of 
acetone  and  bromoform  to  produce  CH  in  AJA.  A  series  of 
colliders  were  examined  by  using  the  pressure  dependence  of  the 
time  decay  of  the  emission  following  the  excimer  pulse,  as  in  the 
NH  studies  described  above.  Helium  was  added  to  produce 
rotational  and  translational  thermalization  in  most  of  the  ex¬ 
periments.  However,  one  set  of  measurements19  was  conducted 
on  quenching  by  H2,  in  the  presence  and  absence  of  helium.  The 
hot  initial  distribution  was  found  to  be  quenched  more  slowly  than 
the  300  K  distribution. 

The  rotational  level  dependence  of  quenching  of  both  the  B  and 
A  states  was  investigated  in  the  same  low-pressure  hydro¬ 
carbon/nitrous  oxide  flames  described  above  for  NH  quenching, 
as  well  as  flames  burning  in  oxygen.114*4’  In  these  experiments 
the  pressures  of  the  flames  were  varied  between  4  and  14  Torr 
to  determine  the  quenching  rate  from  LIF  time  decays.  Again, 
the  collisional  environment  is  far  from  fully  characterized  although 


(36)  Rohrer.  F.;  Stuhl,  F.  J.  Chem.  Phys.  1987,  86,  226. 

(37)  Umemoto.  H.;  Kikuma,  J.;  Tsunashima,  S.;  Sato.  S.  Chem  Phys. 
1988,  120,  461;  1988,  125,  397. 

(38)  Nokes,  C.;  Gilbert,  G.;  Donovan,  R.  J.  Chem.  Phys.  Lett  1983,  99, 
491.  Nokes,  C.  J.;  Donovan,  R.  J.  Chem.  Phys.  1984,  90.  167. 

(39)  Donovan,  R.  J.  Private  communication. 

(40)  Crosley.  D.  R.;  Rensberger.  K.  J.;  Copeland.  R.  A.  In  Selectivity  in 
Chemical  Reactions;  Whitehead,  J.  C.,  Ed.;  Kiuwer:  Dordrecht,  1988;  NATO 
ASI  Ser.  C245.  p  543. 

(41 )  Rensberger,  K.  J.;  Dyer,  M.  J.;  Copeland,  R.  A.  Appi.  Opt.  1988,  27, 
3679 
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the  quenching  rate  was  found  to  vary  little  with  position  in  the 
Hame  (i.e.,  with  temperature  and  composition).  The  A2A 
quenching  rate  decreases  9%  and  16%  when  TV' increased  from 
2  to  12  for  the  fuels  CjH,  and  C2H2,  respectively.  A  slightly  larger 
decrease  was  found  for  the  B22~  quenching  rate  in  each  flame. 
Flames  burning  CH4  showed  no  N’  dependence.  Earlier 
steady-state  fluorescence  intensity  measurements42  in  atmospheric 
pressure  flames  had  indicated  a  decrease  in  oq  with  N',  whereas 
no  /V' dependence  was  discerned  for  VET  or  B  -»  A  transfer. 

KrF  laser  photolysis  of  acetone  was  also  used  to  generate  and 
measure  the  quenching  of  CH(A2A)  by  that  same  parent  mole¬ 
cule.42  Rotationally  resolved  emission  spectra  indicated  a  dis¬ 
tribution  over  vibrational  and  rotational  levels  of  AJA  and  an 
approximately  equal  amount  of  B2£~.  The  R-branch  lines  show 
a  smoothly  decreasing  <rQ  between  N'm4  and  8,  and  the  Q-branch, 
which  also  includes  N' m  2  and  3,  a  somewhat  larger  value. 
Although  the  overlap  of  emission  from  the  (1,1)  and  (0,0)  bands 
in  both  branches  and  the  possibility  of  B  -*  A  transfer  complicate 
the  interpretation  in  terms  of  A-state  quenching  alone,  there 
appears  a  definite  dependence  on  rotational  level. 

Other  Diatomic  Hydrides 

To  our  knowledge,  in  only  three  other  cases  involving  diatomic 
hydrides  has  the  rotational  level  dependence  of  quenching  been 
considered.  Nedelec  and  co-workers  have  studied  quenching  and 
RET  in  a  large  number  of  metal  hydrides,  using  spectrally  and 
time-resolved  LIF  in  hot  discharge  cells.  The  species  have  included 
BH.  NaH.  KH.  A1H,  CdH,  MgH,  ZnH,  and  HgH.  Only  for  the 
A'S*  of  the  NaH  molecule44  was  any  rotational  effect  on 
quenching  investigated.  The  authors  made  measurements  with 
Hj  collider  on  IV'  *  6  and  1 2  in  o'  «*  11  and  report  that  <rQ  “did 
not  depend  appreciably"  on  rotational  level.  The  RET  cross 
sections  are  similar  to  those  for  quenching,  not  only  for  this 
molecule  but  also42  for  KH(A’X*).  Thus,  if  a  rotational  level 
dependence  exists,  perhaps  for  other  v'or  another  collision  partner, 
it  should  be  observable.  This  could  be  very  interesting  in  that  these 
pseudo-two-electron  molecules  may  be  amenable  to  simple  the¬ 
oretical  treatment. 

LIF  time  decay  measurements  have  also  been  performed  on 
quenching  of  the  A2!*  state  of  the  LiH  molecule.44  The  collider 
was  Li,  present  in  the  heat  pipe  used  for  formation  of  the  hydride. 
The  rotational  level  dependence  of  <rQ  in  the  r'«5  and  6  levels 
which  were  investigated  is  quite  marked,  owing  to  sharp  resonant 
transfer  producing  Li  atoms  in  the  22P  level  and  not  the  type  of 
collision  dynamics  postulated  for  OH,  NH,  and  CH.  However, 
the  theoretical  tractability  of  this  small  species  makes  it  a  most 
attractive  candidate  for  further  study  in  other  o' and  with  other 
collision  partners. 

The  B2X+  state  of  the  OH  molecule  can  be  made  to  fluoresce47 
by  means  of  laser  excitation  from  high-lying  levels  of  the  ground 
sute,  for  example  v"  ■  8  or  9  produced  in  a  discharge  system 
by  the  H  +  Oj  reaction.  Collisional  removal  of  the  excited  state 
by  Ar  and  He  varies  markedly  with  TV'  but  this  has  been  attributed 
to  rotational  transfer  into  and  out  of  rotational  levels  which  rapidly 
predissociate.  ' 

Rotational  and  Temperature  Dependence  of  Quenching  of  OH 
by  HjO 

Quenching  of  A2£*  OH  by  the  water  molecule  is  an  important 
subject  for  study  from  a  practical  standpoint,  i.e.,  quantum  yields 
in  combustion  and  atmospheric  processes,  as  well  as  for  funda¬ 
mental  reasons.  Considering  only  LIF  experiments  with  single- 
level  excitation  made  on  N' m  0,  one  finds  one  pair  of  measure- 

(42)  Garland,  N.  L  ;  Croaley.  D.  R.  Appl  Opt.  IMS.  24,  4229. 

(43)  Hontzopoulos,  E.;  Vlahoyanni*.  Y.  P.;  Foukis.  C.  Chem.  Phys.  Lett. 
IMS.  147,  321. 

(44)  Nedelec,  O.;  Giroud.  M.  J.  Chem.  Phys.  IM3.  79.  2121. 

(43)  Giroud.  M.;  Nedelec.  O.  J.  Chem.  Phys.  1M2,  77.  399S. 

(46)  Wine,  P.  H  ;  Melton,  L.  A.  J  Chem.  Phys.  1976.  64.  2692.  Ibbs,  K. 
G  ;  Wine.  P.  H  ;  Chun*.  K.  J.;  Melton.  L.  A.  J.  Chem.  Phys.  1M1.  74, 6212. 

(47)  Sappey.  A.  D.;  Croaley.  D.  R.;  Copeland.  R.  A  J.  Chem.  Phys.  I9S9, 
90,  3414 
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Figure  5.  A '-dependent  quenching  rate  constants  for  o'  •  0  over  a  large 
temperature  range:  squares;  N '  “  3;  circles,  AT  “  8;  triangles.  AT  -  16. 
The  point*  at  300  K  are  for  HjO  collider  (from  ref  48).  Those  at  higher 
temperature  are  from  flame  studies  (ref  32).  At  the  highest  temperatures 
the  quenching  is  due  to  HjO,  although  hydrogen  atoms  contribute  sig¬ 
nificantly  at  1200  K.  Comparing  the  points  at  highest  and  lowest  tem¬ 
perature  shows  that  the  rotational  level  dependence  present  at  300  K  has 
disappeared  at  2300  K. 

ments2-"  reporting  aQ  m  65  A2  and  another  pair14-4*  where  a  value 
of  90  A2  was  found.  The  pressure  of  H20  is  notoriously  difficult 
to  control  and  measure  accurately  in  flow  systems,  and  so  values 
this  diverse  are  not  surprising. 

Cleveland  and  Wiesenfeld4*  photolyzcd  Oj  to  product  O('D) 
atoms  which  react  with  H20  to  produce  OH  in  high  rotational 
levels  of  both  v"  «  0  and  1  of  X2n,.  A  tunable  laser  was  then 
used  to  excite  the  OH  to  specific  TV' of  both  v'  «  0  and  1  in  the 
A  sute;  time  decay  measurements  as  a  function  of  H20  density 
furnished  oQ  for  each  vibrational  level.  (Recall  that  for  H20  oQ 
~  10<ry)  The  results  agree  excellently  with  those  of  ref  13, 16. 
and  17,  which  were  made  between  TV' »  0  and  7.  These  mea¬ 
surements  continue  to  much  higher  TV',  showing  a  further  drop 
in  eQ  to  AT  *  12  and  then  a  consunt  value  up  to  TV'  »  19.  This 
is  very  much  like  the  behavior  of  ov  at  high  TV'  for  H2  and  N2 
colliders  (see  Figure  1).  Apparently,  for  sufficiently  fast  roution 
the  averaging  of  the  surface  becomes  complete,  and  a  further 
increase  in  TV'  causes  no  further  decrease  in  efficiency. 

Unfortunately,  the  OH  translational  energy  in  this  experiment 
is  not  known  accurately.  The  O(’D)  +  H20  reaction  forms  OH 
with  an  effective  translational  temperature4*  of  3500  K.  The 
quenching  measurements  were  performed  with  1 .25  Ton  of  added 
He,  2  iss  after  the  photolysis  laser.  At  this  delay,  8  Torr  of  He 
thermalizes  low  routional  levels20  and  surely  translation  too,  but 
the  effects  for  higher  TV"  and  at  the  lower  pressure  were  not 
measured  directly. 

Quenching  of  OH  has  also  been  investigated21-52  in  low-pressure 
flames  of  H2  burning  in  mixtures  of  02  and  N20.  The  method, 
as  for  NH  in  flames,  was  LIF  time  decay  at  a  fixed  pressure  (here 
7  Torr)  with  subtraction  of  the  radiative  component.  In  the 
reaction  zone21  a  noticeable  dependence  of  the  quenching  rate  on 
TV'  was  found.  The  degree  varied  with  position  and  thus  with 
collider  and  temperature  in  this  complicated  environment.  In  the 
burnt  gases,22  the  use  of  mixtures  of  the  two  oxidants  permitted 
the  temperature  to  be  adjusted  between  1200  and  2300  K.  The 

for  three  TV' from  this  experiment  are  shown  in  Figure  5.  Also 
included  are  the  H20  quenching  results  of  Cleveland  and 
Wiesenfeld,  assuming  a  300  K  translational  temperature  for  their 
measurements.  Because  the  gas  composition  in  the  flames  varies 

(48)  Cleveland.  C.  B.;  Wiesenfeld, J.  R.  Chem.  Phys.  Lett.  I9B8. 144, 479. 

(49)  Gcricke,  K.-H.;  Comet.  F.  J.  Chem.  Phys.  IM2,  63.  113. 

(50)  Cleveland.  C.  B.;  Juruch,  G.  M.;  Trolier,  M.;  Wietenfeld,  J.  R.  J. 
Chem.  Phys.  IM7,  86.  3233. 

(51 )  Kobse-H6inghaus.  K.;  Jeff net,  J.  B.;  Copeland,  R.  A.;  Smith.  G.  P.; 
Croaley,  D.  R.  Twenty-Second  Symposium  ( International)  on  Combustion; 
The  Combustion  Institute:  Pittsburgh,  in  press. 

(52)  Jeffries,  J.  B.:  Kofase-HAinghaut,  K.;  Smith,  G.  P.;  Copeland,  R.  A.; 
Croaley.  D.  R.  Chem.  Phys.  Lett.  1988  152,  160 
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Figure  6.  Crow  sections  for  quenching  of  OH  A1!*,  o'  ■  0,  showing  a 
decrease  with  temperature.  For  each  of  the  1 1  colliders  studied  at  both 
temperatures,  the  elevated  temperature  cross  section  at  1 100-1200  K  (ref 
4  and  21)  is  plotted  vs  the  300  K  value  (ref  17).  The  room-temperature 
value  for  N'  *  5  is  plotted  to  minimize  effects  due  to  the  rotational 
dependence;  at  1200  K,  the  most  probable  value  of  N'is  4.S. 

along  with  the  temperature,  a  flame  chemistry  model  is  needed 
for  interpretation,  and  even  then  ambiguities  remain.  However, 
three  important  conclusions  can  be  drawn.  First,  the  average  <rQ 
for  H20  decreases  between  300  and  2300  K;  second,  quenching 
by  H  atoms  is  significant,  with  an  average  eQ  *  16  A2  at  1200 
K.  Finally,  the  magnitude  of  the  TV'  dependence  for  H20 
quenching  diminishes  with  increasing  temperature:  at  300  K, 
«<){N'’‘3)/eQ(N’=l6)  «  1.7  ±  0.2  while  at  2300  K  the  ratio  is 
1.02  ±  0.04. 

This  variation  is  consistent  with  our  hypotheses  about  the 
collision  dynamics.  The  oq  for  each  TV'  should  decrease  with 
temperature  due  to  the  governance  by  attractive  forces  (see  below). 
However,  that  for  low  TV'should  decrease  faster  than  for  high  TV'. 
This  is  because,  at  a  higher  collision  velocity,  the  enhancement 
due  to  the  preferred  orientations  is  less  effective,  in  the  same  way 
that  it  is  inhibited  by  faster  rotation. 

A  separate  measurement53  of  the  TV' dependence  of  quenching 
of  OH  by  HjO  is  in  conspicuous  disagreement  with  the  results 
of  Cleveland  and  Wiesenfeld  (see  Figure  3  of  ref  48)  and  the 
mechanistic  interpretation  above.  Multiphoton  photolysis  of  HjO 
at  248  nm  produced  A2!*  OH,  and  rotationally  resolved  emission 
was  monitored.  Time  decay  as  a  function  of  pressure  was  used 
to  obtain  oq  for  TV' «  6-1 7.  The  results  show  nearly  constant  oq, 
within  quoted  error  bars,  for  H2O,  N2,  and  CO  colliders,  although 
the  authors  suggest  that  for  H20  there  is  a  significant  increase 
with  TV'  for  high  TV'. 

Temperature  Dependence  of  Quenching  in  OH 

Collisional  processes  governed  by  attractive  forces  and  complex 
formation  have  cross  sections  that  decrease  with  increasing  ap¬ 
proach  velocity.  In  contrast,  when  a  potential  barrier  or  repulsive 
wall  dominates,  the  cross  section  will  increase.  Therefore,  a 
determination  of  the  velocity  or  temperature  dependence  provides 
important  evidence  regarding  the  nature  of  these  intermolecular 
forces.  ( 

This  connection,  which  had  been  considered  for  quenching  of 
glyoxal,11-54  was  the  motivation  for  the  initial  measurements  of 
uq  for  OH  A2T*  at  elevated  temperatures.4  These  woe  performed 
in  a  laser  pyrolysis/laser  fluorescence  (LP/LF)  system.33  A 
mixture  containing  SF*,  H202,  and  the  collider  was  irradiated  with 
a  pulsed  C02  laser.  The  infrared  radiation  is  absorbed  by  the 
SFt  and  rapidly  thermalized,  thereby  flash  heating  the  system 
to  temperatures  as  high  as  1 400  K;  OH  is  formed  by  the  pyrolysis 
of  the  peroxide.  With  proper  attention  to  gas-dynamic  processes 
following  the  initial  heating,  one  has  a  homogeneous  sample  at 
high  temperature  in  which  to  perform  quenching  studies  using 
the  time  decay  of  LIF  signals.  The  SF*  is  (fortunately!)  a  very 


(33)  PapagiaMiakopoulas,  P.;  Foukn,  C.  J.  Phys.  Ckem.  IMS,  89, 3439. 
(54)  Parmeater,  C.  S.;  Saver,  M.  Chtm.  Phys.  1980,  33,  333. 

(33)  Smith,  O.  P.;  Fairchild,  P.  W„  Jeffries,  J.  B.;  Crosley.  D.  R.  J.  Phys. 
Chtm.  MS,  19,  1269. 
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Figare  7.  Experimental  and  calculated  temperature  dependence  of 
quenching  cross  sections  for  o'*  0  for  collisions  with  C02  (upper  panel) 
and  N2  (lower  panel):  triangles,  ref  4;  open  squares,  ref  21;  circles,  300 
K  thermal  average  calculated  from  the  results  of  ref  17;  filled  squares, 
ref  56.  The  calculated  temperature  dependence  arising  from  the  shift  in 
the  TV' distribution  together  with  the  TV' dependence  of  <rQ  at  300  K  is 
given  by  the  short  dashes.  The  calculated  temperature  dependence 
predicted  by  the  multipole  interaction  model  is  shown  by  the  long  dashes. 
The  solid  line  exhibits  the  combination  of  the  both  effect s. 

inefficient  quencher  but  quite  effective  at  RET.  Therefore,  the 
LP/LF  results  are  for  a  thermal  distribution  in  the  excited  state 
at  the  experimental  temperature  (obtained  from  excitation  scans 

yielding  T _ ; _ 1  in  the  ground  state  of  the  OH),  and  TV'-specific 

cross  sections  cannot  be  determined. 

In  ref  4,  aq  are  reported  for  1 1  quenchers  at  temperatures  near 
1 100  K;  some  redeterminations  and  extensions  to  larger  hydro¬ 
carbons  are  given  in  ref  21.  For  a  proper  comparison  of  these 
thermally  averaged  aq  with  those  at  lower  T,  one  must  consider 
also  the  rotational  dependence  which,  however,  is  known  only  at 
300  K.  In  Figure  6,  the  thermally  averaged  eQ  at  1 100-1200  K, 
determined  by  LP/LF,  is  plotted  vs  oq(TV'*5)  measured  at  room 
temperature;  this  is  the  rotational  level  most  highly  populated  at 
the  elevated  temperature,  cq  decreases  in  all  cases. 

The  temperature  dependence  of  quenching  was  also  investi¬ 
gated34  at  lower  temperatures,  230-310  K,  for  the  colliders  H2, 
N2, 02,  and  C02,  by  cooling  with  dry  ice  the  flow  cell  described 
earlier.  Argon  was  added  at  a  pressure  of  8-10  Torr  so  a  thermal 
excited-state  rotational  distribution  was  always  maintained,  oq 
for  NHj  was  measured37  over  this  range  in  the  flow  cell  and  also 

(56)  Copeland,  R.  A.;  Crotley.  D.  R.  J.  Chtm.  Phys.  1966.  84,  3099. 

(57)  Jeffries,  J.  B.;  Copeland,  R.  A.;  Crosley,  D.  R.  J.  Chtm.  Phys.  1966, 
83,  1898. 
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between  800  and  1450  K,  using  the  LP/LF  system.  The  results 
for  COj  and  N2  (including  the  other  LP/LF  results4-21)  are  shown 
in  Figure  7. 

As  7  increases,  the  thermally  averaged  <rg  decreases  due  to  two 
effects.  First,  the  attractive  nature  of  the  forces  causes  an  inherent 
decrease  for  any  A";  second,  the  distribution  shifts  to  higher  N' 
which  have  lower  oq  at  any  7.  The  lines  with  long  dashes  in  Figure 
7  show  the  change  from  the  first  cause,  calculated  by  use  of  the 
one-dimensional  multipole  interaction  model.  The  lines  with  short 
dashes  show  the  amount  of  decrease  from  the  shifting  distribution, 
assuming  rerhaps  incorrectly,  as  discussed  above)  the  ^'de¬ 
pendence  does  not  vary  with  7;  the  solid  lines  represent  the 
combined  effect.  In  each  case,  the  calculated  values  are  matched 
to  the  experiments  at  300  K.  It  appears  that,  even  with  these 
simple  ideas,  we  understand  reasonably  well  the  attractive  in¬ 
teractions  for  COj  collider.  Other  gases,  save  N2,  also  fit  this 
picture;  see  Figure  6  and  ref  21,  56,  and  57. 

N2  exhibits  a  much  sharper  decrease  than  the  other  coil*  Jers, 
which  can  be  explained  as  follows.  Nitrogen  also  quenches 
anomalously  weakly;  that  is,  a  complex  is  formed  but  the  Z-n 
state  mixing  is  not  strong  for  N2.  At  low  7  and  thus  lower  collision 
energy  the  complex  lives  longer,  allowing  the  collider-induced  state 
mixing  perturbation  to  last  longer,  but  there  is  not  enough  time 
to  effect  sufficient  mixing  at  the  higher  temperature.  That  is, 
for  N2  the  probability  P  for  quenching  decreases  with  dr  -easing 
complex  lifetime  and  with  increasing  7.  In  contrast,  C02  and 
other  colliders  are  so  efficient  that  the  Z-n  mixing  is  co-  iplete 
even  for  the  shortest  lived  complex,  and  P  is  independent  of  7. 

As  one  approaches  much  higher  collision  energies,  and  less 
effective  quenching  due  to  the  attractive  force  interactions,  the 
repulsive  wall  of  the  potential  may  begin  to  play  a  role  in  the 
quenching.  For  such  a  mechanism.  aQ  wiil  become  constant  and 
eventually  begin  to  increase  with  further  increase  in  7.  A  constant 
or  nearly  constant  value  of  aQ  at  high  T  is  consistent  with  the 
combined  LP/LF  and  flame  results  for  H20  quencher,52  and  an 
increase  is  hinted  at  in  quenching  by  NH3  at  elevated  tempera¬ 
ture.57 

The  temperature  dependence  of  VET  in  excited  OH  (or  the 
other  hydrides)  has  not  been  investigated.  Besides  its  fundamental 
interest,  it  has  practical  significance  for  LIF  monitoring  of  OH 
for  both  combustion  and  atmospheric  chemistry.  From  the  picture 
developed  thus  far,  we  expect  a  variation  in  <rv  similar  to  that  in 
<tq  for  most  colliders.  For  N2,  where  the  vibrational-state  mixing 
is  efficient  in  contrast  to  the  ineffective  electronic-state  mixing, 
we  anticipate  a  much  smaller  temperature  variation  in  vv  than 
was  found  for  oq. 

Temperature  Dependence  of  Quenching  in  NH,  PH,  and  CH 

LIF  decay  measurements2*  in  the  LP/LF  system  were  also  used 
to  study  quenching  of  the  A3IIj  state  of  NH  at  1 400  K;  the  radical 
was  produced  by  addition  of  small  amounts  of  NH3,  which  reacted 
with  F  atoms  formed  by  pyrolysis  of  the  SF6.  The  rotational 
population  is  thermal,  with  N'  *  5  most  highly  populated  at  this 
temperature,  and  so  comparison  should  be  made  with  the  room- 
temperature  values  of  <rQ  for  this  level.25  As  for  OH  quenching, 
NHi  shows  a  large  decrease,  from  80  to  26  A2.  There  are  also 
decreases  for  CH4,  CO,  and  02,  but  C02,  N20,  and  H2  exhibit 
no  temperature  dependence.  For  H20  collider,  comparison  can 
be  made  betweer.  the  room-temperature  results  and  the  flame 
measurements:33  <rg(N'=6)  at  300  K  is  about  twice  the  upper 
limit  of  1 7  A2  measured  at  2300  K.  Thus,  for  the  colliders  that 
have  evident  dipole-dipole  attractive  interactions  and  large  cross 
sections,  increasing  the  temperature  produces  a  decrease  in  oQ. 
This  is  in  accord  with  the  picture  constructed  for  OH  quenching. 
For  nonpolar  colliders,  however,  the  behavior  is  varied,  and  the 
mechanism  must  involve  more  than  simple  oomplex  formation  with 
a  constant  n-Z  mixing  interaction.  This  does  not  invalidate  the 
explanation  developed  to  describe  the  N'  dependence,  however. 
The  initial  stage  of  the  collision  could  still  consist  of  entrance 
channel  dynamics  on  an  anisotropic  attractive  surface,  with  the 
probability  P  of  quenching  controlled  by  s-  .sequent,  partner- 
dependent  state  mixing  within  that  complex 
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Quenching  of  thermal  NH(A  ’Ilj)  has  been  studied*6  at  300  and 
41 5  K.  for  the  same  set  of  colliders  listed  above  plus  C2H4  The 
excited  state  was  formed  by  photolysis  of  NH3  in  the  presence 
of  100  Torr  of  At  which  produces  thc-nalization  but  not 
quenching.  Between  these  temperatures  eg  decreased  10-25%, 
depending  on  collider,  exc* : .  or  C02.  The  shift  in  rotational 
distribution  between  these  two  temperatures  can  account  for  only 
a  2-5%  decrea'i. 

The  A3Ili  state  of  the  PH  radical  is  similar  that  of  the  isovalent 
NH.  It  too  has  been  studied5*  at  these  same  temperatures,  300 
and  415  K,  using  193-nm  photolyris  of  PH3  in  the  presence  of 
Ar  as  the  rotational  relaxer.  Individual  aQ  are  similar  though  not 
identical  with  those  (or  NH(A3H),  including  small  values  for  both 
N20  and  C02.  For  other  molecules  there  is  a  20-30%  drop  in 
<xq  between  these  two  temperatures.  N2  is  especially  interesting. 
It  did  not  quench  NH  (eg  <  0.006  A2)  but  does  quench  PH  with 
a  small  eg  of  0.6  A2  at  300  K.  However,  at  415  K,  this  has 
dropped  to  0.36  A2,  as  for  OH,  quenching  by  this  inefficient 
collider  exhibits  an  especially  large  temperature  dependence.  One 
would  then  expect  eg  to  be  much  larger  at  cold  temperatures  and 
also  to  find  a  measurable  value  for  NH  in  a  sufficiently  cold  cell. 

The  c'll  state  of  NH  has  a  collider  specificity  of  eQ  which 
mimics  that  of  A2Z+  OH,  as  noted  above,  and  one  might  well 
expect  a  milar  collision  energy  dependence.  Two  sets  of  LIF 
measurements  have  been  made,37  one  exciting  from  a1  A  at  an 
equivalent  translational  temperature  of  10500  K  and  the  other 
thermalized  at  300  K,  using  Ar  relaxer  with  a  time  delay  following 
the  photolysis  laser.  Recall  that  no  rotational  level  dependence 
could  be  discerned  n  the  higher  temperature;  if  true  for  all  7, 
a  direct  comparison  is  possible.  For  all  nine  colliders  investigated. 
oq  was  smaller  at  the  higher  energy;  the  amount  of  decrease 
ranged  from  60%  to  80%. 

The  temperature  dependence  of  the  quenching  of  A2A  CH  is, 
iiowever,  quite  different.  Several  investigations  at  different  tem¬ 
peratures  have  included  enough  common  colliders  to  form  com¬ 
parisons.  In  those  at  room  temperature,  excimer  laser  photolysis 
formed  the  excited  state  directly,  and  decay  time  measurements 
in  the  presence  of  a  thermalizdng  rare  gas  furnished  <r0.  Results 
are  available  from  ArF  photolysis  of  acetone59  and  acetone  or 
bromofonr.’*  and  from  KrF  photolysis60  of  CH2Br2.  The  results 
from  these  three  studies,  tabulated  in  ref  60,  spread  over  about 
a  factor  of  2  for  common  colliders;  this  is  nonetheless  suitable  for 
an  examination  of  the  temperature  dependence.  Excimer  laser 
dissociation  of  acetone  and  thermalization  by  Ar  were  also  used26 
to  measure  oq  for  several  ;’!iders  at  the  elevated  temperature 
Of  415  K. 

Quenching  of  this  state  has  also  been  studied  at  higher  tem¬ 
perature.  The  LP/LF  method61  was  used  for  measurements  at 
1 300  K,  producing  the  radical  by  the  reaction  of  added  CH4  with 
F  atoms  formed  in  the  SF6  pyrolysis.  In  addition,  upper  limits 
for  oq  have  been  obtained  near  1 800  K  in  the  low-pressure  flame 
system32-41  for  H20,  N2,  and  C02.  (These  replace  earlier  values40 
where  the  ability  to  obtain  only  limits  from  these  flames  had  not 
been  recognized.) 

Altogether,  one  has  cross  sections  at  different  temperatures 
available  for  those  three  colliders  and  for  H2,  02.  CO,  N20,  and 
NH3.  For  polar  NF  ,  o0  decreases  slightly  between  300  and  4 1 5 
K  and  30%  further  by  1 300  K.  The  temperature  dependence  of 
eg  for  CO,  02,  and  H20  is  ambiguous,  possible  differences  are 
smaller  than  error  bars,  and  the  interpretation  depends  on  the 
choice  of  oQ  at  300  K  from  among  ref  38,  59,  or  60.  The  other 
four  colliders,  howeve-  show  an  increase  in  eg  as  the  temperature 
increases.  The  changes  are  dramatic:  eQ  doubles  between  300 
and  415K  and  increases  another  factor  of  5-20,  depending  on 
collider,  going  to  1 300  K.  The  cross  section  limits  at  1 800  K  are 
yet  higher.  This  behavior  is  that  expected  for  a  collision  governed 
by  a  potential  barrier  or  repulsive  wall  Assuming  that  barrier 

(58)  Kenner,  R  D  ;  Pfannenberg,  S.,  Stuhj.  F  Manuscript  in  preparation 

(59)  Heinrich,  P.;  Kenner,  R.  D.,  Stuhl,  F  Chem  Phys  Lett  1988,  147. 
575 

(60)  Becker,  K.  H  :  Wieaen,  P.  Z.  Phys  Chem  (Munich),  in  press 

(61)  Garland,  N.  L  :  Crosley.  D.  R.  Chem.  Phys  Leu  19*7.  134.  189 
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is  responsible,  its  height  muy  be  obtained  through  an  Ar-henius 
plot;  the  results  of  such  an  analysis26  show  activation  energies 
ranging  from  2  to  4  kcal/mol. 

The  temperature  dependence  for  quenching  A2A  CH  is  thus 
very  different  from  that  of  the  other  radicals.  For  all  colliders 
investigated,  A21*  OH  and  c'll  NH  show  a  decrease  in  oq  with 
increasing  T,  and  a  decrease  is  found  in  most  cases  for  quenching 
the  AJn,  states  of  both  NH  and  PH.  This  indication  of  the  role 
of  attractive  forces  makes  sense,  at  least  for  the  A  states  of  OH 
and  NH.  in  view  of  their  dipole  moments,  2.0  and  1.3  D,  re¬ 
spectively.  However,  the  A  state  of  CH  has  a  comparable  dipole 
moment  of  0.9  D.  Thus,  if  a  mechar.ism  involving  long-range 
attractive  forces  and  complex  formation  is  responsible  for 
,'ienching  of  the  other  radicals,  a  simple  view  would  suggest  it 
should  be  for  CH  as  well.  This  appears  true  for  the  polar  collider 
NHj  but  not  H]0,  while  in  most  other  cases  the  quenching  seems 
to  be  governed  o  a  barrier,  even  though  the  cross  sections  are 
fairly  large,  a  few  A2.  Therefore,  the  collision  must  involve  more 
complicated  interactions  than  only  long-range  attractive  forces. 
We  do  know  th .  such  an  extension  of  these  simple  collision 
complex  ideas  breaks  down  in  another  case  for  these  same  species, 
the  comparison  of  VET  in  the  excited  and  ground62  electronic 
states  of  OH.  For  the  polar  colliders  NH3  and  HjO,  av  for  the 
X2n,  and  A2I*  states  are  quite  similar.  However,  for  other 
colliders,  VET  proceeds  100-1000  times  more  slowly  in  the  ground 
state.  Both  states  have  comparable  dipole  moments  (that  of  the 
X  state  is  1 .7  D),  so  in  this  case  more  than  just  the  long-range 
part  of  the  potential  must  be  involved. 

Recall  that,  like  NH  and  OH,  CH  exhibited  a  decrease  in  trQ 
with  increasing  N'.  Therefore,  it  appears  that  in  CH  the  surface 
is  also  anisotropic.  Perhaps  a  complex  is  indeed  involved,  with 
entrance  channel  dynamics  controlling  its  formation,  but  if  so, 
then  the  A-Il  state  mixing  within  the  complex  must  be  governed 
by  some  repulsive  interaction  occurring  on  a  different  region  of 
the  potential  surface. 

Summary 

We  have  reviewed  experiments  investigating  the  rotational  level 
and  translational  energy  dependence  of  collisions  of  electronically 


(62'  Rensberger,  K.  J.;  Jeffries,  J.  B.;  Cratley.  D.  R.  J.  Chtm  Phys.  19OT, 
2174. 


excited  states  of  simple  diatomic  hydrides.  For  processes  of 
quenching  and  VET  that  proceed  more  rapidly  than  rotational 
thermalization,  the  cross  section  decreases  with  increasing  N\ 
suggesting  an  anisotropic  potential  surface.  For  A2Z*  OH,  there 
exists  considerable  evidence  srggesting  the  role  of  long-range 
attractive  fortes,  including  a  decrease  in  aQ  with  increasing  tem¬ 
perature,  and  it  appears  that  collisions  of  this  molecule  are  rel¬ 
atively  well  descrioed  by  such  a  simple  picture.  For  NH  and  CH 
matters  are  more  complex.  The  A'' dependence  again  suggests 
orientational  effects,  but  the  variation  with  temperature  is  not 
uniform  and  clearly  indicates  repulsive  forces  for  CH.  Such 
variations  in  behavior  among  otherwise  similar  radicals,  between 
two  excited  states  of  the  same  radical  (NH),  and  for  various 
collision  partners  are  not  simply  explained.  They  should  therefore 
provide  good  tests  of  more  detailed  theoretical  treatments  of  the 
collisions  of  these  small,  computationally  tractable  species.  Several 
useful  future  experiments  are  immediately  evident,  such  as  the 
A' dependence  of  quenching  of  NH(c'Il)  at  room  temperature 
and  the  temperature  dependence  of  VET  in  OH(A22+).  As  more 
information  becomes  available,  these  unusual  effects  in  these 
interesting  excited  diatomic  hydride  species  should  continue  to 
enhance  our  knowledge  of  molecular  collision  dynamics. 
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Laser-Induced  fluorescence  and  dissociation  of  acetylene  in  flames 
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ABSTRACT 

Laser-induced  fluorescence  and  photoinduced  dissociation  of  acetylene  is 
observed  in  both  room  temperature  cells  and  low-pressure  flames.  Acetylene  is  excited 
via  the  X-X  electronic  transition  between  210  and  230  nm.  The  fluorescence  exhibits 
long  vibconic  progressions  due  to  the  different  equilibrium  geometries;  acetylene  is 
trans-plan ar  in  the  A  state  and  linear  in  the  X  state.  Intense  fluorescence  from 
electronically  excited  carbon  radicals  (C5)  is  also  observed  upon  resonant  excitation  of 
C2H2  at  room  and  flame  temperatures.  In  addition,  a  non-resonant  laser-induced 
production  of  C?  is  observed  in  the  flame.  The  effects  of  C2H2  pressure  (i.e., 
electronic  quenching)  and  laser  fluence  on  fluorescence  are  examined. 

INTRODUCTION 

Acetylene  is  an  important  chemical  intermediate  in  hydrocarbon  combustion  and 
is  likely  a  key  species  in  soot  formation.  Although  its  fundamental  spectroscopy  and 
photophysics  have  been  well  studied,1  its  optical  detection  in  the  high  temperature 
environment  of  flames  has  proven  difficult*  Acetylene  absoibs  at  many  discrete 
wavelengths  in  the  210-240  nm  region  and  fluoresces  throughout  the  ultraviolet  in  the 
A-X  electronic  system.  In  multiphoton  experiments  at  193  nm  C2H2  photodissociates 
into  electronically  excited  Cj  and  CH*  radicals  that  emit  throughout  the  visible.  We 
report  here  on  the  detection  of  C2H2  in  both  low-pressure  flames  and  a  room 
temperature  flow  cell  via  laser-induced  fluorescence  (LIF)  and  photodissociation 
methods.  In  these  experiments  the  output  of  a  frequency-doubled  excimer-pumped  dye 
laser  (210  to  240  nm)  excites  C2H2,  and  the  resulting  fluorescence  is  dispersed  by  a 
monochromator  and  monitored  with  a  photomultiplier  tube.  The  amplified  signals  are 
then  captured  by  a  transient  digitizer  or  a  boxcar  integrator. 

ACETYLENE  FLUORESCENCE  AND  PHOTODISSOCIATION 

We  have  observed  strong  fluorescence  signals  from  both  acetylene  and  C$ 
following  resonant  excitation  of  totationally  resolved  vibronic  bands  in  the  C2H2  A-X 
electronic  system.  The  ultraviolet  and  visible  emissions  resulting  from  excitation  of  the 
V3  *  4  level  of  the  A-state  at  21 5.9  nm  are  depicted  in  Figure  1 ,  which  has  not  been 
corrected  for  the  wavelength  response  of  the  detection  setup.  The  dominant  features  in 
the  spectrum  arc  emissions  from  the  C2  Swan  (d3rig-a^nu)  and  Deslandrcs-d'Azambuja 
(C1rio-A1nu)  systems,  although  C2H2  A-X  LIF  is  also  observed.  The  C2  emission 
signals  rise  promptly  with  the  laser  pulse,  indicating  a  unimolecular  mechanism  for 
formation  of  both  excited  states.  Higher  resolution  emission  scans  reveal  vibrational 
structure  and  show  population  up  to  v  =  3  in  the  C  state  and  v  =  6  in  the  d  state. 

The  apparent  ratios  of  the  Cj  to  C2H2  signal  intensities  are  the  result  of  three 
experimentally  controlled  parameters:  C2H2  pressure,  laser  fluence,  and  excited 
vibrational  level  in  the  A  state.  From  the  temporal  evolution  of  fluorescence  for  the 
different  emissions,  individual  decay  constants  are  determined  by  fitting  the  decay  to  a 
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single  exponential,  while  phenomeno¬ 
logical  total  removal  rate  constants  are 
taken  from  the  slope  of  die  line  relating 
these  decay  constants  to  C2H2  pressure. 
The  intercepts  correspond  to  the 
radiadve  lifetime.  We  find  that  the 
emission  from  C2H2  is  rapidly  quenched 
(-5  x  10-10  cm3  s'*  for  V3  =  3)  while 
quenching  of  the  C  and  d  states  of  C£  is 
approximately  two  and  four  times 
slower,  respectively.  At  the  -1  Torr 
pressure  of  Fig.  1,  the  C$  d-state  signal 
is  enhanced  relative  to  the  other 
emissions  and  probably  will  be  stronger 
in  higher  pressure  flame  conditions. 

Another  contribution  to  this  ratio 
is  the  non-linear  nature  of  the  Q 
production  mechanism.  While  a  detailed  mechanism  has  not  been  isolated,  the 
energetic  requirements  of  the  dissociation  of  C2H2  to  C£  (C,  d)  dictate  that  at  least  one 
additional  photon  must  be  absorbed  by  the  A  state  in  order  to  photodissociate  to 
electronically  and  vibrationally  excited  C2.  In  this  wavelength  region,  we  observe  C2 
production  only  with  resonant  excitation  of  the  A  state.  In  fact,  dissociation  through  a 
1+1  mechanism  would  require  the  concerted  elimination  of  H^an  unlikely  event.  A 
more  likely  scenario  involves  absorption  of  one  photon  to  the  A  state  and  two  more 
photons  by  the  A  state  (or  a  rapid  predissociation  product,  possibly  C2H)  to  allow 
sequential  elimination  of  hydrogen.  Our  power  dependence  studies  indicate  that  the 
signal  scales  approximately  as  the  laser  power  squared,  while  the  C2H2  signal  is 
slightly  less  than  linear  between  -0.2  and  2.0  GW  cm'2.  Because  of  these  different 
laser  power  functions,  the  C-J  signals  are  strongly  enhanced  at  high  power  and  tight 
focusing  (Fig.  1,  -5  GW  cm'2). 

The  ratio  also  strongly  depends  on  the  C2H2  excitation  wavelength.  For  a  fixed 
laser  power  C->  signal  intensity  increases  with  increasing  vj  in  the  A  state.  At  -1.4  GW 
cm-2,  the  C$  signal  varies  from  approximately  five  times  the  C2H2  LIF  signal  to 
negligible,  as  excitation  in  V3  varies  from  3  to  1  quanta.  An  apparent  threshold  for  C$ 
production,  observed  between  vj  =  1  and  vj  =  2  (231.0  and  225.6  nm,  respectively), 
is  consistent  with  an  excitation  mechanism  that  involves  a  rapid  predissociation  from 
C2H2  A  to  a  Cj  precursor,  possibly  C2H.  In  summary,  high  pressures,  high  laser 
fluence,  and  shorter  excitation  wavelengths  all  favor  the  production  of  C£  emission 
over  C2H2  LIF. 


WAVELENGTH  (nm) 
Figure  1 


ACETYLENE  FLAME  STUDIES 

All  of  the  above-mentioned  factors  determine  that  C2  emission  may  be  a  very 
suitable  diagnostic  for  C2H2  flame  concentrations.  Our  studies  have  shown  that  the 
excitation  spectrum  of  acetylene,  useful  as  a  "fingerprint"  in  room  temperature 
experiments,  can  also  be  used  to  identify  acetylene  in  the  flame  environment  with 
rotational  resolution.  Using  Cj  laser-induced  emission  as  the  acetylene  diagnostic,  and 
tuning  to  a  known  C2H2  transition,  we  measure  a  one-dimensional  spatial  distribution 
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\  of  C$  signal  in  a  stoichiometric,  3  Torr 

\  CjH2/02  flame.  Figure  2a  is  such  a  profile  of 

S.  C?  emission  intensity  as  a  function  of  the  height 

V,  of  the  laser  beam  above  the  burner  surface. 

_ _  These  profiles  are  useful  as  maps  of  acetylene 

8  . .  concentrations  in  flames  only  to  the  extent  that 

I  "hwiwmi-  the  CJ  emission  signal  can  be  directly  related  to 

3  f  C2H2  concentration.  Room  temperature  C5 

j»  — '  - -  production  is  strictly  a  resonant  process  through 

•  C2H2;  however,  the  laser-correlated  production 

jf  A  of  c£  in  flames  is  observed  even  when  the 

5  \  w%?^Ti5aF«i«TO»cTW(  excitation  laser  is  tuned  offaC2H2  resonance,  as 

8  \  shown  in  Fig.  2b.  This  nonresonant  q 

\  excitation  constitutes  an  interference  to  its  use  as 

— — - -  a  diagnostic  for  acetylene.  In  Fig.  2a  note  the 

sharp  rise  and  slower  decay  of  the  signal  over  -5 
— 1 — ' — — | — * — Tt  mm.  In  Fig.  2b  note  the  slow  signal  rise,  which 

tcioHT  above  burner  (mm)  we  also  attribute  to  Cj  emission.  Since  the  non- 

0  resonant  background  signal  is  not  a  strong 
Figure  2  function  of  laser  wavelength,  it  also  contributes 

to  the  Fig.  2a  signal  which  therefore  represents  the  sum  of  die  resonantly  and 
nonresonandy  produced  C$  emissions.  A  subtraction,  representing  the  emission 
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decay  of  the  emission  signal,  indicating  die  rapid  consumption  of  acetylene  in  the  flame 
front  Clearly,  some  of  the  Cj  laser-induced  emission  observed  in  the  flame  cannot  be 
direedy  attributed  to  C2H2  excitation.  The  emission  spectrum  of  the  nonresonant 
excitation  is  identical  with  that  of  the  resonantly-produced  emission,  suggesting  a 
common  excitation  pathway  following  thermal  or  laser-induced  dissociation  of  C2H2. 
In  most  flames  this  interference  has  not  hampered  our  detection  of  C2H2,  and  upon 
further  investigation  should  prove  interesting  in  its  own  right. 
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ABSTRACT 

Methylene,  CH2,  is  a  chemically  important  intermediate  in  hydrocarbon  combustion 
but  has  previously  eluded  optical  detection  in  a  combustion  environment.  The  CH2  signal 
as  a  function  of  height  above  the  burner  surface  in  a  premixed,  laminar,  methane/oxygen 
flame  (5.6  Torr  and  fuel  equivalence  ratio  =  0.88)  is  measured  by  laser-induced 
fluorescence  (LEF)  in  the  PBi-^Aj  electronic  system.  The  a  state  which  lies  -3165  cm'1 
above  the  ground  state  is  populated  at  the  high  temperatures  of  the  flame  (800-1800  K). 
Although  less  than  one  photon  for  each  laser  pulse  is  detected,  we  can  unambiguously 
attribute  the  LIF  features  in  the  region  450  to  650  nm  to  CH2  by  both  scanning  the 
excitation  laser  and  dispersing  the  fluorescence.  LIF  temperatures  and  CH  and  OH  LEF 
concentration  profiles  are  also  obtained  for  the  flame.  The  CH2  radical  concentration 
maximum  occurs  closer  to  the  burner  than  that  of  either  OH  or  CH,  as  expected  from 
models  of  methane  combustion  chemistry. 
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INTRODUCTION 


The  methylene  radical,  CH2,  is  generated  during  the  early  stages  of  hydrocarbon 
fuel  ignition  and  decomposition.  Although  many  reactions  of  CH2  have  been  studied  at 
room  temperature,1  die  precise  role  of  methylene  in  the  combustion  process  remains 
uncertain  due  to  a  lack  of  information  on  high  temperature  rate  constants.  Even  so, 
methylene  has  been  implicated  in  the  buildup  of  higher  hydrocarbons  and  ultimately  die 
formation  of  soot.2*3  Methylene  is  fundamentally  interesting  because  of  the  relationship 
between  electronic  structure  and  reactivity.  It  has  two  low-lying  electronic  states,  the  triplet 
ground  state,  X3Bi,  and  the  metastable  a^i  singlet  state,  which  lies  -3165  cm*1  above  the 
X  state4  and  is  more  reactive.5  These  two  states  may  act  independently;  therefore,  the 
kinetics  and  energy  transfer  of  the  two  states  may  need  to  be  individually  considered  in 
reaction  kinetic  mechanisms. 

Clearly,  detection  of  methylene  in  a  well  characterized  combustion  environment  is  a 
highly  desirable  goal.  Unfortunately,  the  only  known  triplet  excited  state  of  CH2  lies  at 
such  high  energy6  (-88,000  cm*1)  that  excitation  with  lasers  from  the  ground  state  is  not 
feasible  under  combustion  conditions.  However,  in  room  temperature  cell  experiments, 
laser-induced  fluorescence  (LIF)  has  been  observed  in  the  H1Bi-21Aj  system  of  singlet 
CH2  created  directly  in  the  3  state  by  die  photodissociation  of  either  acetic  anhydride  or 
ketene.7*10  This  system  is  observed  throughout  the  visible  region  of  the  spectrum. 
Approximately  1%  of  lie  CH2  molecules  will  be  in  die  metastable  3  state  at  combustion 
temperatures  if  the  singlet  and  triplet  states  equilibrate. 

We  report  the  first  optical  detection  of  singlet  CH2  in  a  combustion  system.  We 
excite  the  (0,14,0)-(0,0,0),  (0,16,0)-(0,0,0),  and  (0,20, 0)-(0, 0,0)  vibrational  bands 
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[(v’j . v2» v3 )-(vi' ♦  v2* v3*)]  of  Ac  B-a  electronic  system  in  a  5.6  Torn,  4>  =  0.88 
methane/oxygen  flame.  The  fuel  equivalence  ratio,  <j>,  is  defined  as  the  mole  ratio  of  fuel  to 
oxidizer  taking  into  account  flame  stoichiometry.  The  largest  signal  is  obtained  by  exciting 
the  L-n  Q  bandhead  of  the  (0,16,0)-(0,0,0)  vibrational  transition  at  18597  cm-1  and 
observing  fluorescence  with  a  filtered  phototube  centered  on  the  (0,16,0)-(0,1,0)  band. 
Even  this  signal  only  amounts  to  one  CH2  fluorescence  photon  every  3  to  5  laser  pulses. 
Factors  influencing  the  signal  are  discussed.  Methylene  signal  levels  decrease  as  a  function 
of  increased  pressure  and/or  increased  fuel  equivalence  ratio.  We  observe  many 
unassigned  transitions  at  least  one  of  which  is  larger  than  the  assigned  (0,16,0)-(0,0,0) 
features,  underscoring  the  need  for  a  thorough  understanding  of  the  spectroscopy  of  this 
complicated,  highly  perturbed  molecule  for  diagnostic  purposes.  Relative  concentration 
profiles  of  OK,  CH,  and  CH2  for  this  flame  are  obtained,  and  the  flame  temperature 
gradient  is  probed  via  rotationally  resolved  OH  excitation  scans.  Finally,  we  estimate  the 
absolute  signal  sizes  of  CH2  relative  to  CH.  The  data  show  unequivocally  that  the  CH2 
concentration  peaks  before  CH  and  OH  in  tire  flame,  consistent  with  longstanding  models 
of  hydrocarbon  combustion. 


ch2  spectroscopy 

Before  describing  the  experiments,  we  briefly  summarize  the  important 
spectroscopic  properties  of  the  methylene  radical.  The  visible  spectrum  of  singlet 
methylene  in  the  region  from  1 1,000  to  22,000  cm'1  has  been  studied  extensively  and 
partially  assigned  by  Herzberg  and  Johns,6  Ashfold  et  al.,10  and  Petek  et  al.1 1  The 
spectrum  is  due  to  a  ^Bj-^Ai  transition  between  two  electronic  states  which  correlate  with 
the  degenerate  state  in  the  linear  representation.  The  degeneracy  is  removed  by  strong 
coupling  between  electron  orbital  and  vibronic  angular  momentum.  Also  known  as  the 
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Renner-Teller  effect,  this  coupling  produces  a  strongly  bent  j  lower  state  and  a  nearly 

linear  !Bi  excited  state.6  Accurate  potential  energy  curves  have  been  determined  for  the  two 
states.12  The  assigned  bands  of  the  visible  spectrum  correspond  to  a  progression  in  the 
excited  state  bending  mode,  V2,  It.,  (O.vj.OMO.O.O)  with  V2  =  12-20.  Each  member  of 
the  progression  is  composed  of  multiple  subbands,  the  strongest  of  which  are  similar  to 
L-FI  bands  of  a  linear  molecule  far  =  even  (K^=  0  <—  K^'  =  1)  and  Il-L  for  =  odd 
(K^=  1  *-  K£  =  0).  Here  Kg  is  the  projection  of  the  sum  of  rotational,  vibrational,  and 
electronic  angular  momenta  on  the  principal  symmetry  axis.  Weaker  subbands 
corresponding  to  excitation  of  2,3,4,...,  occur  to  the  red  of  the  strong  £-11  and  I7-X 

subbands.  The  primary  selection  rules6-11  are:  AJ  =  0,  ±1,  AKa  =  ±1,  and  AKC  =  0,  ±2, 
although  recent  stimulated  emission  pumping  experiments13  show  abnormally  strong 
AKa  =  ±3  bands.  Each  subband  consists  of  six  main  branches  for  Ka>  0  while  only  three 
branches  exist  for  K^=  0  excited  states.  Methylene  contains  two  identical  hydrogen  nuclei 
of  spin  1/2  (similar  to  H2O);  the  lower  state  nuclear  spin  degeneracy  is  three  for 
antisymmetric  levels  and  one  for  symmetric  levels.  This  results  in  a  pronounced  intensity 
alternation  in  the  CH2  spectrum. 

Thus,  in  theory,  the  spectroscopy  of  CH2  is  understood.  In  practice,  the  CH2  a 
and  K  states  are  highly  perturbed  by  the  triplet  ground  state  and  by  each  other.  In  an  elegant 
study  by  Petek  et  al.11  of  CH2  produced  by  photodissociadon  of  ketene,  10000  transitions 
are  observed  from  15000-18000  cm-1,  only  477  of  which  are  readily  assignable;  the 
translational  temperature  of  singlet  methylene  is  estimated  to  be  355  K  from  the  Doppler 
width  of  the  transitions.  At  the  elevated  temperatures  in  a  flame  (1500-2000  K),  we  expect 
the  spectrum  to  be  considerably  more  complex. 

Figure  1  is  a  schematic  vibronic  energy  level  diagram  of  the  relevant  levels  of  the  X 
and  a  states  of  methylene.  The  lowest  vibrational  level  of  the  a  state  lies  at  slightly  higher 
energies  than  the  (1,0,0)  and  (0,0,1)  vibrational  states  of  the  triplet.  The  details  of  the 
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interaction  of  these  vibrational  states  have  been  characterized.14  In  order  to  avoid  some  of 
the  complications  of  unassigned  lines  and  new  features,  we  excite  definitively  assigned 
transitions  of  the  £-11  subbands  of  (0,14,0)  and  (0,16,0)  bands.  In  an  attempt  to 
understand  how  the  Franck-Condon  overlaps  change  as  a  function  of  the  excited  vj  level, 
we  also  excite  CH2  in  the  vicinity  of  the  (0,20,0)-(0,0,0)  £-11 Q  branch  bandhead.  This 
vibrational  bandhead  is  observed  by  Ashfold  et  aL10  but  not  assigned  rotationally. 


EXPERIMENTAL  APPARATUS 

These  experiments  are  performed  in  a  low-pressure  flat-flame  combustion  apparatus 
which  has  been  described  in  detail  previously.15  Briefly,  a  McKenna  Products  flat-flame 
porous-plug  burner  is  translated  vertically  on  a  motor-driven  translation  stage.  The 
premixed  laminar  flat  flame  is  scanned  through  the  stationary  laser  beam  to  obtain  LEF 
signal  profiles  of  various  combustion  species.  The  burner  and  translation  stage  are 
mounted  in  a  stainless  steel  vacuum  chamber  evacuated  by  a  mechanical  pump.  The  burner 
and  exhaust  manifold  are  water  cooled  to  maintain  stable  operating  conditions.  Gases  are 
introduced  into  the  burner  via  a  series  of  calibrated  mass  flow  meters  and  fine  metering 
valves.  The  premixed  methane/oxygen  flame  is  held  at  5.6-6.0  Torr  and  has  a  fuel 
equivalence  ratio,  0,  of  0.88.  The  flows  of  CH4  and  O2  are  428  and  970  standard  cubic 
centimeters  per  minute,  respectively.  No  gas  flows  through  the  flame  shroud  in  the  burner 
head. 

Optical  access  for  the  excitation  laser  is  provided  by  two  Brewster  windows.  For 
the  observation  of  fluorescence,  light  is  collected  using  either  a  two-lens  collection  system 
as  described  previously15  or  a  three-lens  system  with  a  depth-of-field  limiting  aperture 
which  effectively  reduces  the  amount  of  background  flame  emission.  The  first  lens  (4" 
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focal  length,  2"  diameter)  collimates  die  light  and  the  second  lens  (2"  f.l.,  2"  dia.)  focuses 
the  image  of  the  laser  beam  on  a  variable  width  rectangular  slit  (nominally  1  mm  wide) 
which  serves  as  a  field  stop.  The  strongly  diverging  light  coming  through  the  slit  is 
collected  by  the  third  lens  (2"  f.l.,  2"  dia)  and  focused  on  to  the  slit  of  a  monochromator 
or  a  filtered  phototube  approximately  25  cm  from  the  third  lens.  We  align  the  collection 
optics  by  maximizing  the  signal  from  Raman  shifted  laser  light  in  air.  Calibration  of  the 
light  collection  system  including  reflection  losses,  collection  solid  angle,  photocathode 
quantum  efficiency,  photomultiplier  tube  gain,  and  preamplifier  gain  is  achieved  by  Raman 
scattering  in  H2  utilizing  the  method  of  Bischel ,  Bamford  and  Jusinski.16 


ch2  excitation  and  fluorescence  spectra 

For  most  diatomic  molecules  enough  information  is  available  to  determine  the  best 
excitation  and  detection  wavelengths  for  LXF  detection  in  a  flame.  For  methylene  such 
information  is  not  complete.  Unfortunately,  little  quantitative  data  is  available  on  the 
relative  strengths  of  the  different  vibrational  bands.  In  the  flame,  we  examine  the  excitation 
of  the  (0,14,0)-(0,0,0),  (0,16,0)-(0,0,0)  and  (0^0,0)-(0,0,0)  vibrational  bands  and  the 
wavelength  dependence  of  the  resulting  fluorescence.  Under  all  conditions  the  CH2  LIF 
signals  are  weak  with  the  signal  to  noise  ratio  peaking  at  about  5  to  1  for  our  averaging  of 
250  shots  at  each  wavelength  position.  The  small  signals  limit  the  quality  and  quantity  of 
spectroscopic  data  that  we  can  obtain  from  the  flame. 

Many  of  the  rotational  features  in  the  excitation  spectra  cannot  be  assigned  to 
known  transitions;  extreme  care  must  be  exercised  in  their  assignment  The  dispersed 
fluorescence  spectra  are  easier  to  understand;  consequently  we  describe  them  first  To  our 
knowledge,  the  only  fluorescence  spectrum  in  the  literature  is  obtained  by  Feldmann  et  al.7 
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for  excitation  of  the  (0,14,0)  level.  The  fluorescence  spectrum  which  we  obser  for  the 
(0,14,0)  level  is  qualitatively  similar  to  their  published  spectrum.  With  4.0  ran 
monochromator  resolution,  we  observe  a  feature  near  642  nm  assigned  as  the  (0,14,0)- 
(0,1,0)  band  and  a  significantly  weaker  feature  near  713  nm  due  to  fluorescence  to  the 
(0,2,0)  and  (1,0,0)  vibrational  levels.  For  the  a  state  of  CH2,  the  vj  symmetric  stretch 
mode  is  nearly  resonant  with  two  quanta  of  the  bend;  therefore,  for  weak  signals,  we 
cannot  distinguish  between  (0,2,0)  and  (1,0,0),  or  (0,3,0)  and  (1,1,0)  with  4  nm 
monochromator  resolution.  Because  of  a  background  due  to  scattered  laser  light  we  cannot 
observe  fluorescence  to  the  (0,0,0)  level.  Grimley  and  Stephenson9  state  the  Franck- 
Condon  factors  for  the  (0,14,0)-(0,0,0)  and  (0,1 4, 0H0, 1,0)  bands  are  similar  in 
magnitude.  Fluorescence  from  the  (0,16,0)  level  is  shown  in  Figure  2(a).  Not  correcting 
for  monochromator  and  photomultiplier  tube  response,  we  find  the  (0,16,0)-(0,1,0)  feature 
to  be  about  three  times  larger  than  the  combination  of  the  (0,16,0)-(0,2,0)  and  (0,16,0)- 
(1,0,0)  bands.  From  the  position  of  this  combination  feature,  we  believe  most  of  the 
fluorescence  is  in  the  (0,16,0)-(0,2,0)  band.  In  order  to  examine  the  effect  of  vibrational 
excitation  in  the  E  state  on  the  fluorescence  pattern,  we  excited  the  Q  head  of  the  (0,20,0)- 
(0,0,0)  band.10  Interestingly,  we  observe  that  the  maximum  in  the  fluorescence  signal 
shifts  further  away  from  the  excitation  wavelength  in  changing  from  the  (0,16,0)  to  the 
(0,20,0)  band.  The  maximum  shifts  from  fluorescence  terminating  on  the  (0,1,0)  level  to 
the  (0,2,0)  and  (1,0,0)  combination  (about  twice  as  large)  while  the  (0,3,0)  and  (1,1,0) 
combination  is  only  slightly  smaller  than  the  (0,1,0)  peak.  No  evidence  for  fluorescence  to 
the  (0,4,0),  (1,2,0)  and  (2,0,0)  grouping  is  seen. 

For  the  discussion  of  excitation  spectra  we  focus  our  attention  on  the  (0,16,0)- 
(0,0,0)  vibrational  band.  We  choose  this  band  because  it  is  largely 
unperturbed,11  rotational  distributions  have  been  obtained  in  the  past,9  and  it  furnishes  the 
largest  signal  of  all  the  bands  studied.  Figure  3  is  an  excitation  spectrum  in  the  region  of 
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the  PQi  j  branch  bandhead  of  the  (0,16/"  -(0,0,0)  band.  The  notation  PQij  is  defined  as 
follows.  The  Q  indicates  that  die  J  quantum  number  does  not  change  in  the  transition;  the  p 
superscript  denotes  a  AKa  change  of  -1.  The  subscript,  1,  is  the  value  of  K£,  and  the 
subscript  J  is  the  value  of  which  here  is  the  same  as  J”.  Also  visible  on  the  blue  end  of 
the  spectrum  is  die  region  of  the  PRij.j  branch.  The  assignments  are  taken  direcdy  from 
Petek  et  al.11  This  spectrum  is  obtained  by  collecting  fluorescence  with  a  phototube 
equipped  with  filters  which  pass  light  in  the  region  from  570-600  nm  ((0,16,0)-(0,1,0) 
band).  Many  of  the  peaks  are  not  assignable.  The  large  number  of  unassigned  features  is 
typical  of  the  CH2  flame  spectra.  We  find  these  unassigned  rotational  features  have  about 
the  same  signal  profile  as  a  function  of  height  above  the  burner  as  the  assigned  CH2 
features,  disappear  at  the  same  time  on  changing  flame  conditions,  and  exhibit  the  same 
fluorescence  decay  times.  We  therefore  conclude  that  they  are  due  to  CH2. 

Petek  et  al.17  observe  at  least  100  distinct  but  unassigned  transitions  in  the  same 
wavelength  region.  With  the  exception  of  one  very  large  peal;  at  18633.49  cm'1,  all  of  the 
unassigned  transitions  in  their  data  in  this  region  ire  of  much  lower  intensity  than  the 
assigned  transitions.  This  is  not  the  case  with  our  data.  The  majority  of  unambiguously 
observed  but  unassigned  transitions  are  at  least  as  intense  as  the  assigned  transitions.  This 
is  most  likely  due  to  the  elevated  rotational  temperature  (1200-1800  K)  at  which  our  data  is 
taken  although  the  higher  peak  power  of  our  laser  system  may  contribute  through  saturation 
effects.  In  contrast,  Petek  et  al.  calculate  the  translational  temperature  in  their  experiments 
to  be  355  ±  25  K  (the  vibrational  temperature  is  much  hotter  -1500  K).11  Apparendy, 
some  of  our  transitions  can  be  attributed  to  absorption  of  CH2  in  high  angular  momentum 
quantum  levels  of  the  a  (0,0,0)  vibronic  state. 

Both  Petek  et  al.  and  we  observe  an  anomalously  large  ur.ossigned  peak  at 
18633.49  cm*1;  in  the  higher  resolution  data1'’  (U.07  cm'1  bandwidth),  the  feature  appears 
as  a  single  peak.  This  feature  is  an  example  of  the  complexity  of  CH2  spectroscopy  and 
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demonstrates  the  extreme  care  that  must  be  exercised  in  assigning  features  in  the  spectrum. 
(Initially,  we  assigned  this  feature  to  the  (0,16,0)-(0,0,0)  vibrational  band.)  In  our  lower 
resolution  data  (0.3  cm'1),  we  also  slightly  overlap  the  (0,16,0)-(0,0,0)  3o3*2n  transition 
as  shown  in  Figure  3.  Figure  2  compares  dispersed  fluorescence  spectra  obtained  by 
pumping  the  PQi  J  bandhead  at  18597.5  cm*1  (upper  trace)  and  the  unassigned  feature  at 
18633.49  cm*1  (lower  trace).  Excitation  via  the  assigned  bandhead  gives  a  fluorescence 
spectrum  with  two  peaks  corresponding  to  (0,16,0)-(0,1,0)  and  (0,16,0)-(0,2,0)+(l,l,0) 
fluorescence  at  the  anticipated  wavelengths  (583  and  629  nm,  respectively).  Excitation  of 
the  unassigned  feature  at  18633.49  cm*1  also  gives  rise  to  fluorescence  at  the  wavelengths 
of  the  (0,16,0)-(0,1,0)  and  (0,2,0)  bands,  but  additional  peaks  are  present  at  558  and  607 
nm.  Although  we  overlap  very  slightly  the  3o3*2n  transition  of  the  (0,16,0)-(0,0,0)  band 
PRi  i-i  branch  when  tuned  to  the  unassigned  feature,  it  is  not  sufficient  to  account  for  the 
large  amount  of  fluorescence  observed  at  583  and  629  nm.  Although  the  unidentified 
fluorescence  peaks  at  558  and  607  nm  roughly  correspond  in  wavelength  to  the  positions 
of  the  (0,17,0)-(0,1,0)  and  (0,17,0)-(0,2,0)+(l,0,0)  11*1  bands,  we  cannot  explain 
fluorescence  at  all  these  wavelengths  based  on  (0,16,0)  or  any  other  upper  state  energy 
level. 

Figure  4  shows  two  excitation  scans  of  the  18622-18642  cm*1  region.  The  upper 
trace  is  obtained  by  monitoring  583  nm  fluorescence  and  the  lower  trace  by  monitoring  the 
607  nm  fluorescence.  A  scan  similar  to  the  lower  trace  is  obtained  by  monitoring  558  nm 
fluorescence.  The  lower  trace  shows  absolutely  no  evidence  of  (0,1 6,0)- (0,0,0)  PRij-i 
features,  but  at  least  two  features,  one  quite  large,  arc  present.  On  the  other  hand,  scanning 
the  same  region  by  detecting  583  nm  fluorescence,  one  observes  (0,16,0)-(0,0,0)  PRij-i 
features  and  the  two  features  which  appear  by  themselves  when  monitoring  the  unassigned 
fluorescence  features. 
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Because  of  the  poor  signal  to  noise,  the  flame  is  not  the  ideal  environment  to 
examine  this  interesting  spectroscopic  mystery  in  detail;  however  the  preceding  discussion 
does  point  out  that  a  correct  assignment  of  CH2  features  is  essential  to  understanding  both 
the  concentration  and  fluorescence  pattern  of  CH2.  Even  though  spectroscopic 
complications  do  persist,  we  have  identified  many  of  the  features  in  this  excitation  region 
and  for  CH2  concentred  m  profiles,  excite  only  features  that  correspond  to  the  positions  of 
lines  in  published  spectra  with  identities  confirmed  by  resolved  fluorescence  scans. 


FLAME  SELECTION  AND  RADICAL  PROFILES 

The  CH4/O2  flame  was  initially  selected  for  simplicity  in  modeling  and  lack  of 
possible  interfering  higher  hydrocarbons;  however,  tests  of  CH2  signal  size  versus  the 
identity  of  the  fuel  and  oxidizer  reveal  that  the  initial  choice  was  judicious.  We  find  that  the 
magnitude  of  the  peak  CH2  signal  decreases  approximately  linearly  with  the  pressure,  so 
the  signal  is  reduced  by  about  a  factor  of  two  increasing  the  pressure  from  6  to  14  Torr.  In 
addition,  the  peak  of  the  CH2  signal  moves  noticeably  closer  to  the  burner  surface  for  the 
same  change  in  pressure.  The  signal  size  also  decreases  for  higher  <)>  (richer  flames).  The 
CH2  signal  is  no  larger  in  ethane  and  acetylene/oxygen  flames,  and  the  acetylene  flame 
suffers  from  increased  C2  flame  emission  interference.  Finally,  N2O  oxidizer  created  an 
extremely  large  non-resonant  spurious  LIF  signal,  perhaps  from  NO2,  that  made  any  CH2 
signal  unobservable.  For  this  study,  we  choose  to  examine  the  lowest  pressure  CH4/O2 
flame  that  can  be  stably  and  reproducibly  operated  in  the  low-pressure  burner.  The  fuel 
equivalence  ratio  is  adjusted  to  produce  the  largest  signal.  The  flame  pressure  is  5.6-6.0 
Torr  with  <J>  =  0.88. 
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To  characterize  the  experimental  flame,  we  obtain  LIF  signals  from  CH2,  CH,  and 
OH  as  a  function  of  height  above  the  burner  surface.  For  the  CH2  and  CH  data,  we 
capture  over  90%  of  the  fluorescence  signal  inside  a  boxcar  gate  of  width  55  ns.  In 
addition,  we  measure  rotationally  resolved  OH  LIF  excitation  scans  to  determine  the  flame 
temperature  profile.  For  these,  a  10  ns  gate  is  set  on  the  peak  of  the  time  dependent 
fluorescence  signal  to  minimize  the  effect  of  collisions  on  the  temperature  measurement.18 
Figure  5  is  a  composite  picture  of  these  four  profiles  where  the  signals  have  been  converted 
to  concentration  by  the  procedure  outlined  below.  The  CH  radical  profile  is  obtained  by 
exciting  the  Pief(7)  rotational  line  in  the  A^-X2!!  (0,0)  band.15  Fluorescence  is  observed 
on  the  (0,0)  band.  The  OH  profile  is  obtained  by  pumping  the  Qi(6)  line  of  the  A2!^- 
X2!!!  (0,0)  band.19  Fluorescence  in  the  (0,0)  band  is  monitored.  The  CH2  profile  is 
obtained  by  exciting  the  (0,16,0)-(0,0,0)  PQi  J  bandhead  (see  Fig.  2)  with  ~5  mJ  of 
unfocussed  light  at  18597  cm-1  which  excites  molecules  mostly  from  the  4j4  and  2\2  levels 
of  the  a(0,0,0)  state.  The  profile  is  adjusted  for  background  Raman  scattering  by 
subtracting  a  profile  obtained  by  moving  the  excitation  laser  wavelength  off  a  CH2 
resonance  feature.  In  most  cases  the  background  signal  is  small  (<10%)  relative  to  the 
CH2  LEF.  The  OH  temperatures  are  obtained  by  fitting  excitation  scans  of  the  R2  bandhead 
region  of  the  A-X  (0,0)  band.18  Details  of  measuring  CH,  OH,  and  temperature  profiles 
can  be  found  in  Refs.  15, 18,  and  19,  respectively.  Only  the  quantitative  aspects  of  CH 
and  CH2  results  are  discussed  in  this  work.  The  OH  profile  is  corrected  for  temperature 
but  not  collisional  effects  and  no  attempt  has  been  made  to  make  these  measurements  fully 
quantitative. 

The  absolute  signal  intensity  for  CH  is  approximately  30  times  larger  than  the  CH2 
signal  for  the  flame  tested.  To  convert  LIF  signal  profiles  to  ground  state  radical 
concentration  profiles,  several  factors  must  be  addressed.  These  are:  1 )  calibration  of  the 
fluorescence  collection  system  including  photomultiplier  and  monochromator  response;  2) 
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fluorescence  quantum  yield  of  the  excited  state;  3)  the  partition  function  for  the  molecules  in 
the  ground  state;  and  4)  spectral  considerations  such  as  Franck-Condon  factors  and 
rotational  line  strengths  for  the  excitation  and  fluorescence  transitions.  Although  we  are  not 
able  to  quote  final  values  for  CH2  and  CH  number  densities,  we  will  discuss  the 
information  we  have  obtained  toward  this  goal. 

The  determination  of  the  absolute  density  of  a  particular  species  from  LIF  requires 
an  accurate  calibration  of  the  fluorescence  collection  system.  A  convenient  means  of 
calibration  has  been  described  by  Bischel,  Bamford  and  Jusinski.16  The  calibration 
involves  spontaneous  Raman  scattering  of  a  laser  of  known  power  flux  by  a  known  density 
of  H2.  The  procedure  leads  to  a  constant  which  includes  effects  such  as  geometrical 
factors,  reflection  losses,  gain  and  quantum  efficiency  of  the  photomultiplier  and  gain  of 
the  electronics.  However,  one  must  use  this  procedure  with  special  attention  to  the 
conditions  of  optical  saturation,  because  the  effective  beam  cross  sectional  area  can  be 
different  for  spontaneous  Raman  and  saturated  LIF.  This  problem  prevents  us  from 
obtaining  a  CH  and  CH2  number  density  in  these  experiments. 

The  fluorescence  quantum  yield  of  the  excited  state  determines  how  many  of  the 
excited  molecules  fluoresce  before  they  are  lost  to  non-radiative  processes.  In  the  flame  for 
the  radicals  considered  here,  the  dominant  loss  process  is  electronic  quenching  via 
collisions  with  the  other  flame  species.  For  CH,  these  quenching  processes  have  been 
previously  examined  for  a  variety  of  flames  as  a  function  of  height  above  the  burner.15 
From  these  measurements,  the  fluorescence  quantum  yield  for  CH  was  found  to  be  almost 
independent  of  position  in  the  flame.  No  information  is  available  for  the  quenching  of  CH2 
at  high  temperatures;  therefore,  we  measured  the  time  dependence  of  the  LIF  in  the  flame. 
This  is  complicated  by  the  extremely  rapid  decay  of  the  fluorescence.  Using  a  10  ns/point 
transient  digitizer,  we  observe  the  temporal  evolution  of  the  CH2  fluorescence  following 
excitation  of  the  (0,16,0)-(0,0,0)  Q  branch  bandhead  at  several  positions  in  the  flame.  We 
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fit  the  fluorescence  signals  to  a  single  exponential  from  90  to  10%  of  the  peak  of  the  signal. 
We  find  that  the  lifetimes  are  independent  of  position  and  equal  to  45  ±  8  ns;  the  uncertainty 
is  two  standard  deviations  from  the  average  value  for  six  measurements  throughout  the 
flame.  This  value  may  be  slightly  affected  by  the  response  time  of  the  detection  electronics 
and  the  finite  pulse  width  of  the  excitation  laser.  Therefore,  the  actual  value  may  be  slightly 
faster.  Since  the  error  introduced  by  neglecting  this  effect  is  smaller  than  many  other 
approximations  that  would  go  into  these  measurements,  a  detailed  deconvolution  analysis  is 
not  warranted  at  this  time. 

The  fluorescence  decay  time  in  the  flame  is  significantly  shorter  than  the  radiative 
lifetime10  of  3000  ns  indicating  substantial  quenching  of  the  excited  CH2.  The  average 
quenching  rate  constant  in  the  flame  is  5  x  10*10  cmV1  assuming  a  temperature  of  1500  K. 
Ashfold  et  al.10  have  measured  quenching  rate  constants  of  the  CH2  E  state  with  various 
colliders  such  as  O2  and  CH4.  Values  of  2-4  x  10*10  cm3s_1  were  obtained  at  room 
temperature.  Considering  the  unknown  identities  of  the  collider  species  in  the  flame  and 
possible  changes  in  the  collisional  quenching  cross  section  with  temperature,  the  average 
observed  quenching  rate  constant  is  quite  reasonable.  This  value  is  faster  than  for  the 
diatomic  radicals  CH,15  NH,20  and  OH19  under  similar  conditions.  From  these  data,  we 
estimate  the  fluorescence  quantum  yield  for  CH2  to  be  0.015  ±  0.004.  The  quantum  yield 
estimate15  for  the  A  state  of  CH  in  the  experimental  flame  is  -0.30  ±  0.10.  The 
uncertainties  are  estimates  based  on  our  confidence  in  the  input  parameters. 

The  raw  signal  profiles  are  analyzed  by  taking  into  account  population  changes  of 
the  excited  level  due  to  the  temperature  gradient  in  the  flame  by  normalizing  to  the 
Boltzmann  population  of  the  excited  level  as  a  function  of  height.  The  temperature  profile 
is  parametrized  using  a  simple  functional  form  to  interpolate  between  the  discrete 
temperature  points.15- 20  This  temperature  normalization  is  a  trivial  exercise  for  CH  and 
OH,  but  much  more  complicated  for  CH2.  For  CH2  we  choose  to  divide  the  partition 
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function  into  a  vibronic  part  (both  electronic  and  vibrational)  and  a  rotational  part.  This 
assumes  the  rotational  constants  of  the  singlet  and  triplet  level  are  the  same  and  do  not 
change  with  vibrational  level.  This  approximation  introduces  only  a  small  error  in  the 
partition  function.  The  vibronic  part  is  relatively  simple  to  calculate.  Figure  1  shows  some 
of  the  important  vibrational  levels.  The  partition  function  is  calculated  by  counting  all 
possible  vibrational  levels  of  the  ground  state  triplet  and  singlet  excited  states  as  though 
they  belong  to  a  single  state  except  that  the  degeneracy  of  the  triplet  levels  is  three.  The 
(0,0,0)  level  of  the  a  state  lies  -3165  cm*1  higher  in  energy  than  the  (0,0,0)  level  of  the 
ground  state  and  the  calculation  of  the  partition  function  follows  straightforwardly.4 
Vibrational  constants  for  the  two  states  are  obtained  from  Ref.  21.  One  caveat  should  be 
mentioned.  Jensen,  Bunker  and  Hoy22  note  that  the  energy  level  structure  of  the  triplet  is 
complicated  by  a  low  barrier  to  linearity  which  extensively  mixes  the  bending  vibration 
with  rotation.  This  causes  the  vibrational  levels  of  the  triplet  state  to  be  poorly  described  by 
the  harmonic  oscillator  approximation.  However,  we  still  use  that  approximation.  We  find 
1.3%  of  the  CH2  molecules  are  in  the  (0,0,0)  level  of  the  a  state. 

The  calculation  of  the  rotational  partition  function  proceeds  straightforwardly  given 
the  assumption  of  vibronic  and  rotational  separability.  We  approximate  the  energy  levels  of 
CH2  by  the  symmetric  top  formula  which  gives  energies  in  the  absence  of  asymmetry 
doubling.  These  energies  approximate  closely  the  average  energy  of  an  asymmetry 
doubled  pair  given  in  Ref.  11.  Therefore,  this  approximation  introduces  almost  no  error. 
The  K  doubling,  2J+1  degeneracy,  and  nuclear  spin  statistics  are  included  explicitly. 

These  energies  and  degeneracies  are  used  to  calculate  the  denominator  of  the  partition 
function.  The  numerator  is  calculated  by  using  the  actual  energy  of  the  excited  level  from 
Ref.  1 1  and  the  degeneracy  of  that  level.  The  result  of  the  calculation  is  that  approximately 
0.6%  of  the  molecules  in  a  (0,0,0)  are  in  the  4 14  and  2 12  levels  at  1250  K.  The  total 
partition  function  increases  quickly  from  0.0001%  at  the  burner  surface  (-500  K)  to 
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0.0065%  at  14  mm  above  the  burner  surface  (-1550  K)  and  then  stays  nearly  constant  to 
60  mm  at  -1900  K. 

Quantifying  absolute  ground  state  CH  and  CH2  number  densities  from  the  number 
of  photons  collected  also  requires  accurate  vibrational  band  transition  probabilities  and 
rotational  line  strengths.  This  can  be  done  accurately  for  CH  because  of  the  availability  of 
the  pertinent  data;15  however,  that  is  not  the  case  for  CH2.  The  radiative  lifetime10  of  the  X 
levels  of  the  (0,16,0)  is  3.0  |is.  However,  we  can  only  make  an  intelligent  guess  of  the 
relevant  vibrational  band  transition  strengths  from  the  fluorescence  intensity  data.  We  also 
lack  accurate  rotational  line  strengths,  although  Grimley  and  Stephenson9  have  calculated 
and  used  rotational  line  strength  factors  for  the  (0,16,0)-(0,0,0)  X-Il  P  branch  lines  to 
determine  a  rotational  distribution.  As  stated  in  Ref.  1 1,  calculated  rotational  line  strengths 
could  differ  from  the  experimental  values  due  to  singlet-tripet  mixing  and  the  presence  of 
other  perturbations.  Nonetheless,  an  estimate  of  the  number  density  of  singlet  CH2  can  be 
extracted  from  these.  To  obtain  a  number  density  for  total  CH2  in  this  flame,  thermal 
equilibrium  between  the  singlet  and  triplet  must  be  assumed.  Based  on  preliminary 
modeling  of  this  flame,23  we  believe  that  equilibrium  is  not  attained  between  singlet  and 
triplet  CH2- 

Preliminary  attempt  to  quantify  absolute  CH  and  CH2  concentrations  failed  because 
the  Raman  scattering  light  collection  system  calibration  is  not  directly  applicable  to  LEF 
measurements  made  under  conditions  of  optical  saturation.  The  laser  conditions  used  to 
excite  CH  and  CH2  (17  jiJ/pulse  in  1.3  x  10" 3  cm2  and  5  mJ/pulse  in  7.9  x  10~3  cm2 
respectively)  saturate  their  respective  transitions.  Unfortunately,  for  saturated  LIF,  the 
wings  of  the  laser  beam  can  contribute  to  the  signal  as  much  as  the  peak.  Thus,  the 
effective  cross  sectional  area  of  the  laser  beam  is  much  larger  than  the  area  for  the 
unsaturated  Raman  calibration  measurement  by  at  least  a  factor  of  10.  This  uncertainty  is 
directly  transferred  to  the  final  concentration.  This  precludes  the  determination  of  absolute 
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concentrations.  Future  work  will  attempt  to  solve  this  problem.  We  are  able,  however,  to 
make  a  direct  comparison  of  signal  sizes  for  CH  and  CH2  excitation.  The  excitation 
parameters  for  each  laser  are  as  given  in  the  preceding  paragraph.  Under  these  conditions, 
we  observe  a  CH2  signal  of  850  mV  at  the  peak  of  the  CH2  profile;  all  the  fluorescence  on 
the  (0,16,0)-(0,1,0)  band  is  captured  in  the  4  nm  bandwidth  of  the  monochromator  to  yield 
this  signal.  With  the  same  optical  train,  we  observe  a  CH  signal  of  3100  mV  at  the  peak  of 
the  CH  profile.  However,  not  all  CH  (0-0)  fluorescence  is  captured  in  the  bandwidth  of 
the  monochromator  and  the  boxcar  scale  is  a  factor  of  4  less  sensitive  than  for  the  CH2 
measurements.  When  this  is  taken  into  account,  the  actual  CH  signal  is  23  volts.  Other 
conditions  such  as  phototube  voltage  are  the  same  for  the  two  measurements.  Thus,  one 
can  expect  approximately  a  factor  of  30  larger  signals  from  CH  excitation  the  CH2 
excitation  under  our  laser  and  flame  conditions. 
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DISCUSSION 


We  have  unambiguously  detected  CH2  via  LIF  in  the  H-a  electronic  system; 
however,  the  signals  are  extremely  weak.  Detection  of  polyatomic  radicals  in  a  combustion 
environment  can  be  difficult,  but  the  added  complication  of  LIF  excitation  from  an 
electronic  state  that  is  populated  at  the  1  %  level  increases  the  difficulty  considerably.  For 
many  combustion  applications,  CH2  detection  will  not  be  feasible  with  this  technique. 
However,  in  low-pressure  flames,  concentration  profiles  suitable  for  comparison  with 
combustion  models  for  singlet  CH2  can  be  obtained.  Before  discussion  of  this 
comparison,  we  discuss  possible  interferences  with  CH2  detection  and  recommended 
transitions  for  excitation  and  fluorescence  observation. 

Briefly,  CH2  LIF  signals  are  very  different  in  character  from  those  typically  seen 
for  diatomic  molecules.  For  the  diatomics,  each  laser  pulse  results  in  a  large  number  of 
fluorescence  photons  in  the  bandwidth  of  the  detector.  For  CH2,  we  obtain  less  than  one 
photon  per  pulse.  Most  of  the  noise  in  the  spectra  is  due  to  the  statistical  variation  in  the 
number  of  photons  detected.  This  can  be  improved  by  longer  averaging.  This  also  implies 
the  larger  the  number  of  fluorescence  photons  from  a  given  excitation  and  fluorescence 
combination  the  better  the  signal.  In  roost  cases  this  is  correct;  however,  several  important 
sources  of  interference  need  to  be  considered. 

There  are  two  major  types  of  background  interferences  in  the  experiment,  those 
created  by  the  flame  itself  and  those  caused  by  the  laser  light.  Chemiluminescent  reactions 
in  the  flame  generate  visible  continuous  emission  which  is  primarily  composed  of  CH 
B2L'-X2n  and  A2A-X2n  bands  at  390  and  430  nm  respectively  and  C2  d3nu-a3ng 
emission  (the  Swan  system)  at  470  (Av  =  +1),  515  (Av  =  0),  and  555  (Av  =  -1)  nm  in  the 
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spectral  region  of  interest  for  CH2  detection.  If  a  monochromator  is  used,  possible  second 
order  OH  A2S+-X2IIi  emission  near  620  nm  can  be  eliminated  by  use  of  appropriate  long 
pass  filters.  Many  electronic  and  optical  techniques  can  be  applied  to  discriminate  against 
this  emission;  for  example,  detection  optics  that  limit  the  depth  of  field  observing  only  the 
volume  near  the  laser  beam  can  be  used.26  In  this  initial  study,  we  find  that 
chemiluminescent  emission  causes  some  noise;  however,  its  effects  can  be  minimized.  It  is 
not  the  limiting  noise  source  for  these  CH2  signals. 

Raman  scattering  from  the  major  species  of  the  flame  is  the  largest  background 
signal  induced  by  the  laser  light  in  our  experiments.  Raman  scattering  from  CH4, 02,  and 
flame  intermediates  becomes  stronger  as  the  excitation  wavelength  is  decreased  because  of 
the  X*4  dependence  of  the  Raman  cross  section.27  This  makes  Raman  scattering  a 
significant  problem  exciting  the  (0,20,0)  transition  but  less  of  a  problem  on  either  the 
(0,14,0)  or  (0,16,0)  levels.  All  of  the  Raman  scattered  photons  are  detected  during  the 
laser  pulse  within  the  nominal  50-ns  boxcar  gate  used  in  this  investigation,  making  it  the 
dominant  laser-induced  noise  source.  We  did  not  attempt  to  discriminate  against  the  Raman 
signal  by  time-delaying  the  detection  gate  until  after  the  laser  pulse.  For  our  experimental 
signal  level  (~0.2  photons/pulse)  such  gating  would  have  resulted  in  a  drastic  decrease  in 
the  signal  to  noise  ratio  for  the  same  averaging  time,  due  to  photon  statistics.  At  low 
pressures,  for  excitation  of  the  (0,16,0)  vibrational  transition,  Raman  scattering  is  less  than 
10%  of  the  CH2  signal;  however  as  the  pressure  is  increased,  it  becomes  a  greater  problem. 
In  addition,  the  CH2  signal  decreases  at  higher  pressure.  The  Raman  shifts  for  the  major 
species  CH4, 02,  CO,  CO2,  and  H2O  are  2915,  1556,  2145,  1388,  and  3657  cm*1 
respectively.26  The  resulting  Raman  spectrum  is  broad  and  relatively  featureless,  and  on- 
resonancc/off-rcsonance,  subtractions  can  be  used  to  minimize  its  effect.  Rayleigh  and  Mie 
scattering  preclude  observation  at  the  excitation  wavelength.  We  also  observe  a 
background  consisting  of  a  very  broad  fluorescence  to  the  red  of  the  laser  wavelength. 
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Under  our  experimental  conditions  this  is  a  minor  interference,  but  at  higher  pressures  or 
for  richer  conditions  such  broad  fluorescence  might  become  significant.  Possible  origins 
and  a  discussion  of  this  type  of  laser-induced  signal  can  be  found  in  Ref.  27. 

Even  with  the  interferences  discussed  above,  the  primary  limit  on  signal  to  noise 
remains  the  photon  statistics.  Signal  to  noise  ratio  can  be  improved  with  greater  patience; 
however,  eventually  a  point  is  reached  at  which  the  stability  of  the  burner  system  or  the 
excitation  laser  becomes  a  problem.  Therefore,  the  primary  selection  criterion  is  simply  to 
choose  the  transition  producing  the  greatest  number  of  fluorescent  photons  (subject  to  the 
caveat  that  the  interferences  do  not  increase  significantly).  For  CH2  the  radiative  lifetimes 
decrease  with  increasing  vibrational  level  from  4.6  |is  for  (0,12,0)  to  2.5  ps  for  (0,20,0) 
indicating  that  excitation  of  the  higher  vibrational  levels  is  better.  However,  the  difference 
is  only  twofold  and  no  information  is  available  on  the  vibrational  level  dependence  of 
quenching.  Clearly,  more  work  is  needed  to  make  the  choices  quantitative. 

We  find  that  excitation  of  the  (0,16,0)-(0,0,0)  band  and  detection  of  the  (0,16,0)- 
(0,1,0)  band  provides  the  best  signals  with  our  excitation  laser,  optical  detection  system, 
and  flame  conditions.  We  also  observe  signals  exciting  (0,14,0)  and  (0,20,0)  from  the 
vibrationless  level  of  the  singlet  state.  For  (0,20,0)  excitation,  Raman  processes  become  a 
significant  noise  source  and  a  rotational  assignment  of  the  excitation  transition  is  lacking. 
Excitation  of  the  (0,14,0)  level  results  in  smaller  signals,  and  the  (0,14,0)  vibrational  level 
is  quite  perturbed.  We  believe  little  difference  should  be  seen  exciting  vibrational  levels 
15-17,  and  all  of  these  levels  could  be  used.  In  any  case,  extensive  averaging  will  have  to 
be  undertaken  to  obtain  signals. 

Even  if  intense  CH2  LIF  signals  could  be  obtained,  several  approximations  must  be 
made  to  convert  the  measurement  to  total  CH2  concentration.  Perhaps  the  most  suspect 
assumption  is  that  the  singlet  and  triplet  states  of  CH2  arc  in  chemical  equilibrium.  Indeed, 
a  preliminary  modeling  study  of  this  flame,23  using  reported  reactivities  for  the  two 
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electronic  states,  indicates  that  the  singlet  and  triplet  are  not  in  equilibrium.  With  this  in 
mind,  it  is  interesting  to  make  some  general  observations  about  the  radical  profiles.  Note 
that  none  of  these  observations  would  change  significandy  for  even  large  deviations  of  the 
singlet  and  triplet  from  chemical  equilibrium.  In  fact,  analysis  of  the  CH2  profile  assuming 
thermal  equilibrium  of  only  the  singlet  state  moves  the  peak  of  the  CH2  signal  from  ~9  mm 
to  ~1 1  mm.  Therefore,  regardless  of  how  the  analysis  of  the  CH2  profile  is  performed,  the 
CH2  profile  always  peaks  before  the  CH  and  OH  profiles.  This  is  the  expected  result  as 
methane  oxidation  involves  stepwise  removal  of  hydrogen  from  carbon.  This  is  the  first 
optical  experimental  demonstration  of  the  expected  concentration  profiles  for  CH  and  CH2 
in  methane  oxidation.  The  CH2  profile  is  very  noisy  within  about  5  mm  of  the  burner 
surface  due  to  temperature  normalization;  the  small  signal  is  divided  by  the  partition 
function,  which  is  a  very  small  number  at  this  position  in  the  flame.  Finally,  one  further 
caveat  should  be  mentioned.  These  profiles  are  not  obtained  using  a  shroud  flow  around 
the  flame15.  Under  the  low  pressure  conditions  of  this  experiment,  the  shroud  causes  the 
flame  to  blow  off  the  burner.  As  a  result,  the  gases  have  a  tendency  to  diverge  or 
mushroom.  Thus,  the  flow  speed  is  somewhat  less  than  calculated  from  mass  flow  rates 
and  the  burner  area,  and  the  profiles  are  probably  slightly  altered  as  a  result. 


1-20 


CONCLUSION 


Although  LIF  detection  of  CH2  in  a  high  temperature  environment  is  feasible  as 
demonstrated  by  this  work,  the  general  applicability  of  the  technique  may  be  limited 
because  of  the  low  signal  levels.  The  number  densities  of  CH  and  CH2  are  probably 
similar,  but  the  fraction  of  CH2  molecules  in  die  excited  level  is  much  lower,  and  the  CH2 
E  sate  is  rapidly  quenched  causing  low  signal  levels.  The  CH2  concentration  peaks  before 
CH  in  the  flame,  confirming  longstanding  theories  of  methane  combustion;  this  conclusion 
is  independent  of  chemical  equilibrium  and  partition  function  assumptions.  The  possibility 
of  chemical  disequilibrium  between  singlet  and  triplet  CH2  needs  to  be  addressed 
theoretically  before  this  technique  can  be  made  truly  quantitative  for  ground  state  CH2. 
Experimentally,  reliable  vibrational  band  transition  probabilities  are  needed  as  well  as 
experimental  rotational  line  strengths  in  a  well  characterized  system.  In  addition,  more 
accurate  means  of  fluorescence  collection  system  calibration  must  be  devised.  Future 
investigations  will  focus  on  these  quantitative  questions. 
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FIGURE  CAPTIONS 


Figure  1 .  Energy  level  diagram  for  the  vibrational  levels  of  singlet  and  triplet 
Ch2. 

Figure  2.  Fluorescence  scans  followi  v  excitation  of  CH2  in  a  low-pressure 

met’  ane/oxygen  flame.  These  are  uncorrected  for  the  response  of  the 
detection  system. 

(a)  Signal  after  excitation  of  the  Q  head  of  the  (0,16,0)-(0,0,0)  band  near 
18598  cm*1. 

(b)  Signal  after  excitation  of  an  unassigned  CH2  feature  near  18633  cm*1. 

Figure  3.  CHj  excitation  scans  in  which  the  energy  of  the  photon  is  varied  between 
18600  and  18640  cm*1.  The  fluorescence  is  detected  at  wavelengths 
between  570  and  600  nm.  This  corresponds  to  the  position  of  the  (0,16,0)- 
(0,1,0)  band. 

Figure  4.  Excitation  scans  near  the  (0, 1 6,0)-(0,0,0)  R  head  monitori*1  g  fluorescence 
centered  582  nm  (top)  and  607  nm  (bottom)  with  4  nm  bandwidth.  Most 
features  in  the  top  spectrum  have  been  assigned  to  known  rotational 
transitions  in  the  (0.16,0)-(0,0,0)  band  in  Refs.  6  and  1 1. 

Figure  5.  Relative  concentration  and  temperature  measurements  on  the  5.6  -Torr,  <(»  - 
0.88  methar*  oxygen  f.ame.  In  the  top  panel,  OH  rotational  temper*!”"*'; 
are  plotted  as  a  function  of  height  above  the  burner  surface  as  th:  squares. 
The  solid  line  is  a  fittr  i  parameterization  of  the  profile  as  described  in  Ref. 
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15.  The  bottom  panel  shows  the  relative  concentration  profiles  of  the  three 
species  CH2,  CH,  and  OH.  The  CH2  profile  peaks  closest  to  the  burner 
surface.  The  CH  profile  peaks  near  15  mm,  while  the  OH  concentration 
persists  out  into  the  burnt  gases. 
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ABSTRACT 

Emission  from  the  C^flg  and  U-TIg  electronic  states  of  C2  is  observed  following 
resonant  excitation  of  several  vibrational  levels  in  the  A  1  Au  electronic  state  in  the  acetylene 
molecule.  Acetylene  is  excited  via  the  A— X  electronic  transition  with  the  output  of  a 
frequency-doubled  excimer-pumped  dye  laser  (210-230  nm),  and  the  fluorescence  is 
dispersed  with  a  monochromator.  At  low  laser  pulse  energies  laser-induced  fluorescence  in 
the  C2H2  A-X  system  dominates  the  emission  spectrum;  as  the  energy  is  increased, 
emission  from  the  C  and  d  states  of  C2  becomes  more  important.  At  the  highest  laser 
powers  investigated  (~1  GW  cm-2),  the  C2  photofragment  fluorescence  is  the  strongest 
signal.  The  temporal,  spectral,  laser  fluence  and  pressure  dependence  of  the  various 
fluorescence  signals  are  examined  for  excitation  of  different  vibrational  levels  in  the  C2H2 
A  state.  Possible  applications  of  C2  fluorescence  techniques  to  detection  of  C2H2  in 
combustion  environments  are  discussed. 

MP  89-195 
October  10, 1989 
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INTRODUCTION 


Acetylene  is  an  important  chemical  intermediate  in  hydrocarbon  combustion  and  is 
likely  a  key  species  in  soot  formation.  Under  conditions  typical  of  flames,  ie.  high 
temperatures  and  the  presence  of  other  interfering  species,  acetylene  detection  is  difficult 
because  of  its  complex  spectroscopy,  small  transition  moment,  and  the  small  fractional 
population  in  individual  rovi bionic  levels.  Such  difficulties  can  limit  the  precision  of  flame 
diagnostic  measurements.  Even  under  these  adverse  conditions,  acetylene  has  been 
observed  in  atmospheric-pressure  flames  using  coherent  anti-Stokes  Raman  spectroscopy1 

and,  in  low-pressure  flames  in  our  laboratory,2  via  a  laser-induced  emission  scheme 

* 

monitoring  electronically  excited  C2  photofragment  (C2)  emission.  Preliminary  studies 
indicate  that  measurement  of  C*  laser-induced  emission  is  a  sensitive  and  selective  laser 
method  for  detection  of  C2H2  in  the  harsh  combustion  environment  In  order  to  make  such 
studies  quantitative,  however,  the  acetylene  dissociation  mechanism  and  energy  transfer 
properties  of  the  photofragments,  as  well  as  the  spectroscopy,  must  be  understood.  This 
room- temperature  investigation  examines  these  phenomena. 

Acetylene  absorbs  light  at  many  discrete  ultraviolet  wavelengths  (210-240  nm), 
exciting  individual  rovibronic  levels  in  the  A 1  Au  electronic  state.  A  detailed  rotational 
assignment  and  analysis  of  these  transitions  has  been  performed  using  absorption 
spectroscopy.3*4  Laser-induced  fluorescence  (LJF)5  3  and  resonance-enhanced 
multiphoton  ionization3  studies  have  achieved  rotational  state  specificity  using  tunable 
lasers  as  an  excitation  source.  The  dominant  aspect  of  acetylene's  A  *AU  -  X  ]Zg 
spectroscopy  is  the  effect  of  the  change  of  geometry  in  going  from  the  ground  to  the  excited 
state;  because  the  A  state  is  trans-planar  while  the  ground  state  is  linear,  both  absorption 
and  emission  spectra  are  characterized  by  poor  Franck-Condon  overlap  at  small  Av. 


Emission  spectra  therefore  exhibit  long  progressions,  and  the  absorption  spectrum  has 
relatively  strong  A-X  transitions  from  vibrational  levels  above  the  ground  state.  The  non¬ 
diagonal  nature  of  the  transitions  has  been  exploited  in  stimulated-emission  pumping 
experiments,  where  highly  excited  ground  state  vibrational  levels  can  be  efficiently 
prepared.9 

The  photodissociation  of  acetylene  is  also  a  subject  of  considerable  fundamental 
interest  Since  C2H2  is  a  "simple"  polyatomic  molecule  and  photodissociates  readily  at 
ultraviolet  wavelengths,  its  photolysis  following  excitation  at  193  nm  has  been  studied  by 
several  groups.10-16  This  excitation,  which  probably  occurs  through  vibrationally  excited 
levels  of  the  A  state,12  results  in  the  production  of  C2H  and  a  hydrogen  atom  as  the 
primary  dissociation  channel.10  The  dissociation  energy  of  this  process  has  been  measured 
using  a  molecular  time  of  flight  method  with  mass-spectrometric  detection10  and  Fourier 
transform  infrared  (F1IR)  emission12  of  the  C2H  fragment.  A  recent  study  using  Stark 
anticrossing  spectroscopy  by  Green  et  al.17  obtained  an  upper  limit  lower  than  the 
currently  accepted  value.  The  exact  location  of  the  onset  of  this  dissociation  is  uncertain.17 
At  higher  laser  fluences,  subsequent  absorption  of  one  or  more  photons  results  in  the 
production  of  both  Cj  and  CH  in  various  electronic  states.13-16  These  pathways  have  been 
observed  either  by  detecting  the  fluorescence  of  the  photofragment  directly13-15  or  by 
probing  the  C2  product  state  distributions  via  LJF.16  In  addition,  non-resonant  photolysis 
of  C2H2  has  been  observed  following  266  nm  excitation.1®  This  mechanism  must  involve 
an  initial  multiphoton  absorption  step,  since  the  single  photon  energy  is  insufficient  to 
access  the  A  state. 

In  this  manuscript,  we  report  recent  experiments  on  the  ultraviolet  photophysics 
and  collision  dynamics  of  acetylene.  The  fundamental  difference  between  the  preceding 
investigations  and  the  current  study  is  that  we  use  narrowband  tunable  radiation  to 
resonantly  excite  rovibronically-resolved  features  of  the  A-X  electronic  transition,  inducing 
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photodissociation.  We  have  observed  the  efficient  production  of  the  C2  C^Au  and  d3nu 
states  as  the  laser  tuned  through  the  various  C2H2  A- state  res  nance  features.  The  ratio  of 

4> 

C2  to  C2H2  emissions  is  observed  to  be  strongly  dependent  upon  both  laser  power  and 

* 

photon  energy;  C2  signal  intensity  is  quadradcally  dependent  on  laser  energy  at  the 

experimentally  accessible  values,  indicating  a  multiphoton  process.  Large  (near  gas- 

kinetic)  cross  sections  for  the  quenching  of  photolysis  products  by  acetylene  are  measured 

If  the  C2H  fragment  is  energetically  inaccessible  at  the  wavelength  of  the  first  photon  (an 

open  question  given  the  uncertainty  of  dissociation  energy  for  acetylene),  then  the 

* 

mechanism  for  resonantly-enhanced  production  of  C2  must  be  different  from  the 
decomposition  into  C2H  and  subsequent  excitation  process  recently  proposed  for 
photolysis  at  193  nm. 16  We  discuss  possible  mechanisms  for  the  C2H2  photolysis  that  are 
consistent  with  these  observations  and  the  thermochemistry  of  the  C2H2/C2  system. 


EXPERIMENTAL  APPROACH 


The  experimental  approach  is  straightforward.  Acetylene  molecules  are  excited  by 
the  output  of  a  pulsed,  frequency  doubled,  tunable  dye  laser,  and  the  resulting  fluorescence 
is  monitored  at  a  right  angle  to  the  incoming  excitation  beam.  We  generate  ultraviolet 
radiation  by  frequency-doubling  the  (430460  nm)  output  of  an  excimer-pumped  dye  laser 
(Lambda-Physik  FL2002)  in  a  ^-barium  borate  SHG  crystal.  Aceylene  (Matheson),  which 
is  used  directly  from  the  cylinder  without  further  purification,  is  slowly  flowed  through  the 
fluorescence  cell  at  pressures  between  0.1  and  2.0  Torr.  Up  to  400  pJ  of  light  near 
220  nm  can  be  delivered  in  a  -  15  ns  pulse  to  the  center  of  the  flow  cell.  In  most  of  the 
experiments  a  175  mm  focal  length  quartz  lens  focuses  the  light  to  a  50  pm  beam  waist, 
giving  a  local  power  density  approaching  1  GW/ctri2.  The  focal  area  is  imaged  onto  the  slit 
of  a  0.3  m  Heath  monochromator  and  the  dispersed  fluorescence  is  monitored  by  a 
photomultiplier  tube  (EMI  9558).  A  transient  digitizer  (10  ns  per  channel)  or  a  boxcar 
integrator  captures  the  amplified  photomultiplier  output  while  a  CAMAC  based  computer 
controls  the  experiment  The  relative  output  power  of  the  laser  is  monitored  using  a 
photodiode,  and  absolute  energy  measurements  are  made  using  a  calibrated  energy  meter 
(Laser  Precision  Corp.,  RJP-735  head).  For  some  studies,  we  use  a  small  helium  flow 
onto  the  entrance  and  exit  windows  to  prevent  the  buildup  of  carbon  deposits  on  the  interior 
surfaces.  These  deposits  can  result  in  a  50%  reduction  of  delivered  laser  energy  over  the 
course  of  several  minutes. 


RESULTS 

* 

We  have  observed  strong  fluorescence  signals  from  both  acetylene  and  C2 
following  resonant  excitation  of  rotationally  resolved  vibronic  bands  in  the  C2H2 
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A  1AU  -  X  ]£g  electronic  system.  We  characterized  this  fluorescence  by  dispersing  the 
fluorescence,  varying  the  laser  power,  changing  the  total  pressure,  and  exciting  different 
vibrational  bands  in  the  A  state.  Before  proceeding  with  a  detailed  discussion  of  these 
experiments,  we  should  explain  the  spectroscopic  nomenclature  we  will  follow  in  this 
work.  Because  the  electronic  transition  is  from  a  linear  state  (X)  to  a  bent  state  (A)  the 
labeling  of  the  normal  modes  is  different  in  the  two  systems.  We  adopt  the  notation  of 
Watson  et  al.3,  who  label  the  transition  from  X  ^g,  V4  =  0, 1  ,  =  0  to  A  iAu,  vj  =  4, 

K'  =  1  as  the  V0K0  vibrational  band.  Both  V4  and  V3  correspond  to  bending  modes  in  the 
acetylene  molecule;  the  other  vibrational  quantum  numbers  follow  conventional  labeling 
and  are  described  in  Ref.  3. 

Excitation  and  Fluorescence  Spectra 

Excitation  spectra  of  acetylene  are  acquired  throughout  the  ultraviolet  region 
between  213  and  223  nm.  Most  bands  in  this  region  have  a  similar  shape,  with  a  strong  R 
head  and  Q  and  P  branches  marching  out  to  longer  wavelengths.  The  band  shapes  are 
similar  to  those  plotted  in  Ref.  6  and  8.  One  of  the  more  interesting  regions  is  that  near  the 
V0K0  vibrational  band.  An  excitation  spectrum  from  213  to  223  nm,  using  a  filtered  (UG- 
11,3  mm)  phototube  to  detect  fluorescence  from  approximately  250  to  320  nm,  shows  an 
abrupt  decrease  in  the  fluorescence  intensity  at  excitation  wavelengths  above  ~46500  cm'1. 
Qualitatively  this  decrease  in  fluorescence  efficiency  confirms  a  recent  result  of  Fujii  et  al.8, 
who  compare  the  intensity  of  absorption  and  laser-induced  fluorescence  spectra.  They 
attribute  this  falloff  to  a  dissociation  threshold  for  HCC-H  production  near  this  energy.8 

Figure  1  is  the  fluorescence  emission  spectrum,  at  2  nm  resolution,  corresponding 
to  the  excitation  of  the  R-head  of  the  V0K0  vibrational  band.  Surprisingly,  the  spectrum  is 
dominated  by  C2  emission  in  the  350-600  nm  range  (Fig.  1,  top),  although  the  C2H2 
A  -4  X  LIF  is  also  observed  in  the  290-340  nm  region  (Fig.  1,  bottom).  These  spectra 
are  not  corrected  for  the  response  of  the  detection  system,  which  is  expected  to  decrease 


J-6 


markedly  for  our  detection  system  below  -  350  nm.  Our  C2H2  LIF  spectra  for 

•  •  , 

V3  =  4  and  V3  =  3  are  qualitatively  similar  to  those  obtained  by  Stephenson  et  al.6  for 

•  * 

V3  =  0  to  3,  although  we  observe  the  C2  emission  at  longer  wavelengths.  As  will  be 
discussed  below,  the  ratio  of  C2  emission  to  C2H2  X-state  LIF  is  strongly  dependent  on 
both  excitation  wavelength  and  laser  intensity. 

The  dominant  features  of  the  acetylene  LIF  emission  spectrum,  the  series  of  large 
peaks  extending  from  340  to  570  nm,  are  attributed  to  the  C2  Deslandres-d'Azambuja 
(DdA)  (C  ->  A  lnu,  340-420  nm)  and  Swan  (d3ng  — >  a3nu,  430-570  nm)  systems. 
This  is  the  first  observation  of  the  production  of  C2  emission  from  resonant 
photodissociation  of  C2H2  using  tunable  light  With  sufficient  laser  intensity 
(-1.5  MW/cm2  at  1  Torr  of  acetylene)  these  emissions  can  be  seen  with  the  naked  eye.  The 
spectrum  of  Figure  2  is  acquired  with  a  30  ns  integration  gate  at  the  peak  of  the  temporal 
evolution  of  the  fluorescence  in  order  to  minimize  the  effects  of  collisional  relaxation  on  the 
emission.  These  higher  resolution  spectra  show  population  into  v’  =  4  of  the  d  state,  and 
v'=2  of  the  C  state.  When  we  tune  off  C2H2  features,  both  the  C2H2  LIF  and  the 
C  2  signals  disappear.  The  production  of  CH  radical,  reported  in  studies  of  acetylene 
excited  by  193  nm  radiation,13*15  is  not  observed. 

Time  and  Pressure  Dependence  of  the  Fluorescence  Signals 

The  time  and  pressure  dependences  of  the  acetylene  and  C2  emission  signals 

*  * 

provide  information  about  the  source  of  the  C2.  If  the  C2  signal  rises  promptly  with  the 

* 

laser  pulse  at  low  pressures  then  the  C2  is  probably  a  photodissociation  product,  while  a 

slow  or  pressure  dependent  rise  might  be  attributed  to  a  chemiluminescent  bimolecular 

* 

reaction.  In  these  experiments  we  carefully  examine  the  rise  of  the  C2  fluorescence  signals 
and  find  them  both  independent  of  the  C2H2  pressure,  and  also  faster  than  the  response  of 
the  detection  system  (-10  ns).  Therefore,  both  the  DdA  and  the  Swan  system  are  produced 
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by  the  absorption  of  photons  by  C2H2  or  one  of  its  photodissociation  products.  We  see  no 
evidence  for  a  chemiluminescent  or  other  himn1«cular  chemical  reaction. 

Hie  effect  of  acetylene  pressure  on  the  temporal  evolution  of  the  fluorescence  is 
examined  following  excitation  of  the  R  bandheads  of  the  V0K0  (220.6  nm)  and  2o  V?Ko 
(221.6  nm)  vibronic  bands.  We  observe  the  fluorescence  with  a  monochromator  of  2.0  nm 
bandpass  set  to  several  wavelengths  which  correspond  to  emission  from  the  X  state  of 
C2H2,  and  the  C  and  d  states  of  C2.  This  bandpass  for  C2H2  covers  a  number  of 
vibratiom/i  features  which  we  do  not  attempt  to  assign.  We  sum  1000  laser  shots  to  obtain  a 
fluorescence  decay  curve,  and  fit  the  temporal  evolution  to  a  single-exponential  from  90  to 
10%  of  the  peak  signal.  The  fitted  decay  constants  are  than  plotted  versus  the  C2H2 
pressure  to  obtain  a  phenomenological  colli sional  removal  rate  constant,  k,  from  the  slope 
of  the  line.  The  intercept,  under  ideal  circumstances,  would  be  the  reciprocal  of  the 
radiative  lifetime.  Results  for  the  collisional  removal  and  lifetimes  of  both  C2H2  and  C2 
species  are  summarized  in  Table  L 

Before  discussing  the  quantitative  aspects  of  these  results,  we  must  first  describe 
exactly  the  quantity  we  arc  measuring.  We  arc  recording  the  time  dependence  of  the 
fluorescence  within  a  certain  bandpass  of  the  monochromator.  In  these  measurements  the 
monochromator  bandpass  has  a  triangular  shaped  response  function  with  a  4  nm  full  width 
at  half  height  If  C2H2  collisions  only  remove  molecules  from  the  excited  electronic  state 
and  cause  no  rotational  and  vibrational  energy  transfer,  the  value  obtained  from  the  slope 
would  be  the  electronic  quenching  decay  constant  We  have  little  or  no  information  about 
the  relative  magnitude  of  these  processes  in  either  C2H2  or  the  excited  states  of  C2. 

Pending  more  detailed  investigations  we  will  consider  the  values  in  Table  1  simply  as 
phenomenological  removal  rate  constants,  given  for  the  detected  fluorescence  wavelength. 

1 

Following  excitation  of  C2H2  V3  =  3,  we  measure  a  total  removal  rate  constant  of 
(5.2  ±  0.4)  x  10-10  cm^  s*l,  while  for  the  *  1,  V3  =2  vibrational  level  we  measure 
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k  =  (6.5  ±  0.7)  x  10- 10  cm^  s*l.  The  uncertainty  given  is  two  standard  deviations  of  the  fit 
of  the  decay  constant  versus  pressure  to  a  line.  We  find  the  level  with  one  quantum  of 
vibration  in  the  V2  mode  is  removed  slightly  faster  than  the  pure  V3  level;  however,  the 
difference  is  just  outside  the  respective  error  bars  of  the  two  measurements.  Such  small 
differences  could  easily  be  caused  by  vibrational  energy  transfer  as  described  above.  Our 

1 

results  agree  well  with  the  studies  of  Abramson  et  al.5  for  vj  =  3  and  are  slightly  faster  than 
those  of  Stephenson  et  al.6  for  V3  =  0,1,  and  2.  From  comparison  with  these  studies  we 
observe  that  the  removal  rate  by  C2H2  tends  to  increase  with  more  vibrational  excitation  in 
the  A  state,  and  only  small  differences  are  found  for  different  modes  at  similar  energies. 

The  collisional  quenching  of  the  C2  C  and  d  states  by  acetylene  is  studied  in  the 
same  manner  as  for  the  C2H2  A  state.  Removal  rate  constants  for  the  C  state  are 
(3.5  ±  0.3)  and  (4.3  ±  0.2)  x  10* 10  cmV1  following  excitation  of  the  V0K0  and 
2o  V1K0  bands  of  acetylene,  respectively.  For  the  d  state,  excitation  of  both  vibrational 
levels  yield  values  of  (1.0  ±  0.1)  x  10* 10  cm3s*1.  For  Swan  emission  the  observation 
window  covers  the  several  vibrational  levels  in  the  Av  =  +1  series  (-470  nm),  while  for  the 
DdA  observations  the  v'  =  0,1  levels  of  the  Av  =  0  series  (-385  nm)  are  selected. 

Regardless  of  the  resolution  used  to  detect  emitting  product  species  or  the  details  of 
the  state  specific  energy  transfer,  time  dependent  measurements  on  C2  fluorescence  should 
yield  the  same  result  for  different  excitation  methods,  if  the  resulting  distribution  over 
electronic  and  vibrational  states  is  the  same  for  each  excitation  scheme;  Such  is  the  case  for 
our  d  state  measurements,  in  which  Swan  emission  is  generated  by  exciting  both  the 

acetylene  V0K0  and  2oV^Ko  transitions.  The  comparable  magnitude  of  the  k's  and  zero- 

* 

pressure  fluorescence  lifetimes  indicate  that  the  vibronic  distributions  of  C2  produced  at 
each  wavelength  are  similar.  On  the  other  hand,  the  k's  and  zero-pressure  lifetimes 
measured  for  the  C  state  under  the  same  conditions  are  different  for  the  two  excitation 
wavelengths.  Therefore,  different  C  state  product  distributions  result  from  exciting 
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acetylene  features  with  photons  that  differ  in  energy  by  only  ~  200  cm-1,  whereas  the 
d  state  distribution  is  pump- wavelength  independent  This  conclusion  is  corroborated  by 
fluorescence  spectra  acquired  as  a  function  of  excitation  wavelength,  in  which  the  C  state 
emissions  resulting  from  pumping  the  Vf)Ko  and  2o  V^Ko  transitions  have  different 
intensity  distributions,  while  the  d  emissions  are  nearly  identical  (Figure  2).  Examining 
Figure  2  C  state  spectra  carefully,  we  note  stronger  emission  from  v’  =  1  than  from  v’  =  0 
following  excitation  of  the  2o  V?Ko  transition.  This  implies  a  larger  fraction  of  v’  =  1  is 
generated  from  pumping  the  combination  feature  as  opposed  to  pumping  the  pure  feature. 
For  time  resolved  studies  we  observe  emission  from  v'  =  1  and  v'  =  0  together,  following 
excitation  of  features  separately.  Since  the  rate  constant  for  removal  of  the  combination 
band  emission  is  faster  than  that  for  the  pure  band  (Table  I)  we  may  conclude,  therefore, 
that  the  v'  =  1  level  of  the  C  state  is  depleted  faster  than  the  v'  =  0  level. 

Zero-pressure  intercepts  for  C2  presented  in  Table  I  are  similar  in  magnitude  to  the 
existing  data  for  the  d  (Refs.  16,19  and  20)  state  and  differ  slightly  from  the  only  previous 
C  state  fluorescence  lifetime  (Ref.  20).  Our  measurements  do  not  resolve  individual 
rotational  and  vibrational  levels  but  represent  an  average  over  the  distributions  created  by 
the  photodissociation  process.  Our  C-state  measurement  of  ~  50  ns  is  slower  than  the  ~  30 
ns  measurement  of  Ref.  20.  Curtis  et  al.20  report  little  variation  in  the  lifetime  with 
vibrational  level  in  the  C  state,  so  the  vibrational  averaging  cannot  explain  the  differences. 
This  difference  requires  further  investigation.  The  zero  pressure  intercepts  we  measure  for 
C2H2  for  the  two  excitation  transitions  are  similar,  both  being  slightly  faster  than  those  of 
Stephenson  et  al6  for  lower  vibrational  levels.  The  large  variations  in  lifetimes  between 
different  rotational  levels,  attributed  by  Scherer  et  al.7  to  a  Fermi  interaction  within  V$Ko 
make  a  detailed  examination  of  our  rotationally  unresolved  results  impossible.  Rotational 
level  specific  results  are  required  for  a  complete  understanding.7 
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4* 

To  determine  the  relative  yield  of  C2  as  a  function  of  vibrational  excitation  in  the 
C2H2  A  state,  emission  spectra  were  acquired  by  pumping  the  R-heads  of  the  Vo,  Vo,  Vq, 
and  Vo  bands  near  215.9, 220.6, 225.6,  and  231.0  nm,  respectively,  at  constant  (-50 
pj/pulse)  laser  energy.  These  spectra  are  shown  in  Figure  3.  The  ratio  of  C2  to  C2H2 
emission  in  the  spectra  are  strongly  dependent  upon  both  the  laser  intensity  and  the  C2H2  A 
state  vibrational  level.  Specifically,  the  ratio  increases  with  both  increasing  vibrational 

1 

excitation  and  laser  intensity.  In  the  V3  =  1  spectrum,  for  example,  the  emission  is 

dominated  by  that  of  C2H2  features  seen  in  second  order  between  540-600  nm;  only  a  trace 

>  * 

of  the  Swan  emission  at  -  520  nm  is  seen.  In  the  =  2  spectrum,  however,  the  C2  and 

’  * 

C2H2  emissions  are  similar  in  magnitude  and  by  vj  =  3  the  C2  signals  dominate  the 
emission.  A  phenomenological  threshold  for  the  production  of  C2  Swan  emission 
therefore  appears  between  excitation  to  yj  =  1  and  v$  =  2  of  the  C2H2  A  state. 

The  dependence  of  emission  product  ratios  on  laser  intensity  suggests  that  the 

pathways  to  C2H2  and  C2  differ  with  respect  to  photon  order.  We  undertook  power 

dependence  measurements  for  the  C2  signals  at  385  nm  (DdA)  and  470  nm  (Swan),  and  for 

C2H2,  at  several  pump  wavelengths.  A  typical  series  is  depicted  in  Figure  4.  Here  the  C2 

Swan  signal  exhibits  a  quadratic  power  dependence  (circles)  under  conditions  in  which  the 

C2H2  LIF  appears  to  be  a  slightly  saturated  1 -photon  process  (squares).  The  C2  DdA 

emissions  also  show  a  quadratic  power  dependence.  At  lower  laser  intensities,  the  C2H2 

LIF  signal  is  linearly  dependent  on  laser  power.  Because  of  the  differences  in  photon  order 
* 

for  the  C2  and  C2H2  emissions,  the  ratio  of  C2  to  C2H2  signals  are  strongly  dependent 
upon  the  experimental  laser  power.  Simple  spectral  normalization  for  laser  power  is  not 
useful  in  the  case  of  mixed  photon  orders.  Care  must  be  taken  to  assure  that  laser  power 
during  the  course  of  an  emission  scan  remains  constant  if  meaningful  comparisons  of  C2 
and  C2H2  emission  strengths  are  to  be  made. 
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DISCUSSION 


Hie  production  of  excited  C2  from  acetylene  is  of  interest  for  both  fundamental 

photophysical  considerations  and  as  a  combustion  diagnostics  tool.  The  strength  and 

* 

spectral  location  of  the  C2  emissions,  coupled  with  the  apparent  efficiency  of  its  production 

from  C2H2  using  a  frequency-doubled  dye  laser,  are  promising  for  application  to  the 

monitoring  and  imaging  of  C2H2  in  flames.  In  addition,  the  C2  radical  itself  is  a  major 

hydrocarbon  flame  emission  source.  To  properly  apply  C2  signals  as  a  diagnostic  for 

C2H2  in  flames,  therefore,  requires  characterization  of  its  production  and  removal 

mechanisms.  We  will  describe  several  mechanisms  for  the  production  of  excited  C2  from 

acetylene  photolysis  which  are  consistent  with  its  resonant  production  through  the  C2H2  A 

* 

state,  the  observed  photon  dependence  of  the  C2  and  C2H2  emission  signals,  and  the 

pertinent  thermochemical  and  photon  energies. 

* 

While  the  production  of  C2  has  been  observed  in  earlier  193  nm  acetylene 
photolyses,  the  role  of  the  C2H2  A  state  (and  higher  states)  is  unclear.  Emission  from  both 
CH  (A)  and  C2  (C,  d.  A)  has  been  reported  in  these  studies.13*14  The  first  step  of  the 
photolysis  at  193  nm  is  thought  to  be  a  transition  to  one  or  several  highly  excited  levels  of 
C2H2  A  which  persist  for  10-10-10'12  s  prior  to  subsequent  absorption  or 
predissociation.14  The  predissociation  yield  to  C2H  has  been  estimated  at  15%.10  Recent 
studies  that  probe  the  C2  fragment  via  LIF  also  implicate  C2H  as  an  important  intermediate 
in  the  193  nm  photodissociation.16  Since  we  excite  the  C2H2  lower  on  the  A  potential 
eneigy  surface  with  213-230  nm  photons,  however,  the  fluorescence  quantum  yield  is 
substantial  with  A  state  radiative  lifetimes  cm  the  order  of  10*7s.  Dissociation  to  C2H  must 
thus  be  significantly  slower  at  the  wavelengths  we  use  in  our  study  compared  to 
193  nm. 
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Our  experiments  clearly  demonstrate  that  resonant  transitions  to  the  A  state  are 
necessary  for  production  of  C2  at  these  photon  energies.  The  processes  that  the  A  state  can 
subsequently  undergo  determine  the  production  mechanism  for  C2.  We  see  indications  (C2 
C  state  k’s,  emission  intensity  distributions)  that  the  distributions  of  some  but  not  all 
photolysis  products  depend  on  the  vibrational  mode  excited  in  C2H2,  confirming  that  the 
overall  photolysis  mechanism  is  sensitive  to  the  nature  of  the  A  state.  However,  the 
energetics  of  the  reasonable  unimolecular  processes  for  this  system  indicate  that  the  A  state 
cannot  be  the  direct  precursor  to  the  excited  C2.  A  higher  state  of  acetylene  optically 
coupled  to  the  A  state,  or  a  chemical  species  to  which  C2H2  A  promptly  evolves,  must  be 
the  intermediate  through  which  we  form  C2. 

* 

Our  discussion  of  the  mechanism  of  C2  production  is  dominated  by  a  consideration 

of  the  relevant  thermochemical  and  photon  energies  for  the  "reasonable"  processes. 

* 

Having  measured  a  quadratic  dependence  of  C2  signal  intensity  on  laser  energy,  we 

* 

attribute  production  of  C2  to  either  a  two-photon  process,  or  a  three-photon  process  in 

which  one  step  is  saturated.  Bimolecular  and  other  collisional  chemiluminescent  processes 

* 

are  ruled  out  by  the  prompt  rise  time  of  the  C2  emission.  Given  these  constraints,  we 
briefly  consider  the  processes  that  can  occur  following  the  absorption  of  each  photon  by 
C2H2  01  its  photodissociation  products. 

After  the  resonant  absorption  of  the  first  photon  acetylene  can  undergo  several 
processes.  It  can  fluoresce,  change  electronic  state  via  collisions  or  nonradiative  processes, 
absorb  another  photon,  or  dissociate.  Little  direct  experimental  information  is  available  on 
the  fraction  of  molecules  along  each  pathway;  however,  the  time  dependence  of  the 
fluorescence  places  a  limit  on  the  rates  of  these  processes.  At  low  pressures  only  a  small 
fraction  of  the  molecules  excited  to  the  A  state  have  time  during  the  laser  pulse  (~10  ns)  to 
either  dissociate  or  change  electronic  state  since  the  fluorescence  lifetimes  of  these  states  are 
-  200  ns.5*6  This  differs  significantly  from  excitation  at  193  nm  where  dissociation  is 
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much  faster  than  fluorescence  and  no  emission  from  the  A  state  is  observed13-16;  the 

pathways  for  the  production  of  C2  and  CH  at  193  nm13*16  may  differ  from  those  applicable 

to  this  study.  From  the  energetics  we  know  at  least  one  more  photon  must  be  absorbed 

* 

during  the  laser  pulse  by  the  excited  species  to  generate  C2  emission.  Although  a 
relatively  slow  process,  the  carbon-hydrogen  bond  could  be  broken  at  these  energies  to 
form  C2H.  The  exact  energy  of  this  dissociation  threshold  is  currently  under  debate. 
Recent  experiments  place  the  dissociation  of  threshold  somewhere  between  520  and  570 
KJ  mol'1  above  the  A  state.17  This  corresponds  to  between  1  and  5  quanta  in  the  bending 
mode  V3.  We  observe  a  large  increase  in  C2  production  as  we  tune  the  excitation  laser 
through  this  region.  This  C2  emission  could  result  from  the  absorption  of  two  more 
photons  by  C2H  with  subsequent  ejection  of  another  H  atom.  The  opening  of  the 

t  1 

dissociation  channel  between  vj  =  1  and  y?  =  2,  as  indicated  by  the  most  recent 

* 

determination  of  the  threshold,17  could  explain  the  abrupt  increase  observed  in  C2  signal 

1 

following  excitation  higher  than  Y3  =  1.  However,  considering  the  small  fraction  of  C2H 
which  could  be  produced  during  the  laser  pulse  and  subsequently  excited,  a  process  in 
which  the  C2H2  itself  is  excited  may  be  a  more  likely  pathway.  Rapid  v-dependent 
intersystem  crossing  to  nearby  triplet  states  of  C2H2  and  subsequent  excitation  through  the 
triplet  manifold  could  also  be  important  in  C2  production.  But,  as  with  C2H  dissociation, 
this  must  be  a  minor  pathway  to  be  consistent  with  the  time  dependence  of  the 
fluorescence. 


A  probable  scenario  is  that  the  A  state  molecules  themselves  absorb  another  photon 
to  states  of  C2H2  lying  just  below  the  ionization  potential  at  —1 1.4  eV.7  Little  is  known 
about  this  region.  One  photon  vacuum  ultraviolet  experiments  show  a  long  progression  of 
electronic  states  that  are  very  structured  and  dissociate  to  C2H.2  This  might  explain  the 
differences  in  efficiency  of  C2  production  between  different  vibrational  levels.  Although 
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symmetry  restrictions  dictate  that  the  ^ame  states  cannot  be  accessed  as  in  the  one  photon 
spectrum,  we  believe  the  two  photon  spectrum  might  have  similar  structure.  A  two-photon 
transition  through  C2H2  is  of  sufficient  energy  to  yield  electronically  and  vibradonally 
excited  C2  and  is  obviously  consistent  with  the  quadratic  power  dependence.  This 
transition  energy  is  insufficient,  however,  to  access  CH  (A),  which  could  account  for  our 
failure  to  observe  the  CH  A— »X  emission  reported  in  193  nm  dissociation  studies.  The 
energetics  of  the  two-photon  transition  require  that  molecular  H2  be  eliminated  from  C2H2 
in  a  concerted  fashion.  Such  a  process  is  thennochemically  favored  relative  to  C2  +  2H. 
The  potential  surface  to  which  C2H2  must  be  excited,  symmetry  <—  Au«—  for  a 
parallel  transition,22  correlates  to  Ai  symmetry  in  the  C2V  point  group  appropriate  for  cis~ 
bent  C2H2.23  However,  the  corresponding  spatial  arrangement  of  C2  C  'Pig  or  d  3Flg  + 
H2  (JXg)  correlates  to  A2+B2  in  Civ  A  smooth  correlation  to  the  molecular  elimination 
products  therefore  does  not  exist  Even  if  the  potential  curves  are  such  that  an  avoided 
crossing  allows  correlation  from  C2H2  to  C2  +  H2,  potential  barriers  for  such  symmetry- 
forbidden  processes  in  related  molecules24  are  estimated  to  be  on  the  order  of  4  eV,  well 
above  the  excess  energy  available  (-1  eV)  in  our  hypothetical  two-photon  transition. 
Therefore,  unless  the  barrier  to  symmetry-forbidden  H2  elimination  in  C2H2  is  unusually 
small,  this  dissociation  mechanism  appears  unlikely  in  our  case. 

At  these  energies  (two  photons  above  the  C2H2  ground  state)  decomposition  to 
C2H  +  H  could  be  extremely  rapid.  Either  highly  excited  C2H2,  or  the  resulting  C2H, 
could  serve  as  an  intermediate  for  absorption  of  a  third  ultraviolet  photon.  This  third 

photon,  if  absorbed  by  C2H2,  would  take  the  acetylene  to  a  region  above  the  ionization 

* 

threshold  where  it  could  dissociate  to  a  variety  of  fragments,  including  C2.  This  energy 
region  has  been  investigated  in  a  one  photon  study  in  which  electronically  excited 
photofragments  arc  also  generated.25  Alternatively,  C2H  produced  following  the  two- 

4c 

photon  absorption  might  dissociate  directly  to  C2  upon  absorption  of  a  third  photon. 
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Unfortunately,  our  single  laser  experiment  in  incapable  of  distinguishing  between 
these  processes  and  we  cannot  determine  a  mechanism  unambiguously.  Two-wavelength, 
time  delayed,  two-laser  experiments  would  be  useful  to  unravel  the  mechanism.  On  the 
other  hand,  the  importance  of  the  A  state  as  an  intermediate  for  photodissociation  of  C2H2 
is  clearly  established,  and  the  A  state  can  provide  a  stepping  stone  to  examine  the  dynamics 
and  spectroscopy  of  C2H2  and  C2H  in  highly  excited  states. 
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CONCLUSIONS 


Wc  have  observed  Lie  unimolecular  production  of  (emitting)  singlet  and  triplet 
excited  states  of  C2,  as  well  as  C2H2  X-X  LIF,  from  the  resonant  excitation  of  die  C2H2 
near-UV  A— >  X  transition.  The  power  dependence  of  the  C2  emission  signal  is  found  to 
be  quadratic,  in  the  power  regime,  where  the  one-photon  C2H2  transition  appears  to  be 
saturated.  While  zero-pressure  lifetimes  are  consistent  with  previous  measurements,  the 
quenching  rate  constants  measured  as  a  function  of  v*  in  C2H2  X  are  significantly  larger 

than  those  previously  measured  for  smaller  values  of  v'.  In  addition,  an  apparent  threshold 

* 

for  the  production  of  C2  has  been  observed.  The  fluorescence  yield  ratio  of  C2H2  to  C2  is 
found  to  be  strongly  dependent  on  both  laser  intensity  and  vibrational  level  in  the  X  state. 

These  results  arc  consistent  with  a  model  for  die  unimolecular  photolysis  of  C2H2 
involving  a  resonant  single-photon  excitation  to  the  X  state,  followed  by  photon  absorption 
by  the  highly  excited  C2H2  or  the  dissociation  product  C2H.  The  timescale  of  the 
photodissociation  is  <  10  ns,  excluding  bimolecular  processes  from  consideration  as 
mechanisms  for  C2  production.  Our  data,  and  the  uncertainty  in  dissociation  threshold  for 
HCC-H,17  does  not  allow  us  to  unambiguously  choose  one  mechanism  as  more  likely  in 
the  resonantly  enhanced  photolysis. 

Preliminary  flame  studies  in  this  laboratory  indicate  that  the  laser-induced  C2  Swan 

* 

emissions  are  useful  as  a  diagnostic  for  acetylene.  If  the  mechanism  for  C2  production 
involves  only  transitions  in  the  C2H2  manifold,  then  application  of  this  diagnostic  in  flame 
studies  should  be  straightforward.  If  a  mechanism  involving  C2H  is  operative,  however,  a 
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significant  interference  might  be  present  in  flame  systems  where  C2H  itself  is  a  combustion 
intermediate. 
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Table  1.  Slopes  and  intercepts  from  plots  of  the  fluorescence  decay  constants  versus  C2H2 


pressure. 


Excite 

Slope,  k 
(lO^Ocm3  s*1) 

Intercept 

(ns) 

Emitting 

Species 

Detected 

Wavelength 

(nm) 

VjKi 

5.19  ±  0.43 

205  ±  37 

C2H2(A) 

291.5 

3.53  ±  0.29 

49.3  ±  1.4 

C2(C) 

381.5 

1.06  ±  0.04 

132  ±  12 

C2(d) 

466.5 

6.50  ±  0.72 

162  ±  23 

C2H2(A) 

291.5 

4.25  ±  0.26 

55.2  ±  1.5 

C2(C) 

381.5 

1.03  ±  0.19 

127  ±  6.4 

C2(d) 

466.5 
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FIGURE  CAPTIONS 


Figure  1.  Fluorescence  emission  spectrum  resulting  from  excitation  of  the  acetylene 
V$K<|j  R-head  near  215.9  run.  The  acetylene  pressure  is  -  1  Torr  and  the 
monochromator  bandpass  is  4.0  nm.  The  spectrum  has  not  been  corrected 
for  detection  wavelength  response,  which  should  peak  near  500  nm  and 
decrease  toward  the  ultraviolet  and  infrared.  Detection  gating  was  set  to 
observe  prompt  emission  following  the  laser  pulse.  The  upper  spectrum  is 
dominated  by  Qj  C—*A  and  d— »a  emissions.  A  15x  magnification  of  the 
upper  spectrum  is  given  below.  It  shows  C2H2  A— » X  unassigned 
vibronic  transitions. 

* 

Figure  2.  C2  emission  spectra  Qeft  panels:  C— >A  Av=~l;  right  panels:  d— »a  Av=-1) 
following  photolysis  through  C2H2  A.  We  excite  the  R-heads  of  the 
2qVjK^  (top)  and  V$K<1  (bottom)  band.  All  spectra  are  acquired  under 
identical  conditions  and  are  plotted  on  the  same  vertical  scale.  Note  that 
while  the  d— »a  emission  profiles  are  nearly  identical  for  both  pump 
wavelengths,  the  C— »A  emissions  following  excitation  are  more  intense, 
and  suggest  greater  vibrational  excitation  after  pumping  2qVjK^  than  from 
V$K<Jj.  This  suggests  that  the  mechanism  for  production  of  C2  is  very 
sensitive  to  die  nature  of  the  C2H2  A  state  intermediate  vibrational  levels. 
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Figure  3. 


Fluorescence  emission  spectra  resulting  from  excitation  of  acetylene  =  3, 

*  « 

V3  =  2,  and  Vj  =  1  R-heads  near  220.6, 225.6,  and  231.0  nm,  respectively. 

* 

The  laser  energy  is  approximately  50  jiJ/pulse.  Note  the  near  absence  of  C2 

•  * 

Swan  emission  near  520  nm  in  13  =  1  spectrum.  Maximum  C2  yield  is 

1 

obtained  at  high  laser  energy  and  high  v$.  The  finger-like  structure  to  the 
red  of  550  nm  is  C2H2  A— » X  emission  in  second  order,  while  the  off- 
scale  peak  is  scattered  laser  light 
* 

Figure  4.  Intensities  of  C2  (Swan)  emission  and  C2H2  LIF  as  a  function  of  laser 

energy  at  215.9  nm  ( VoKo)-  Thc  C2  emission  scales  approximately 
quadratically  with  laser  energy,  while  the  C2H2  LIF  is  apparently  a 

saturated  single-photon  process  at  the  laser  energies  necessary  to  induce 

* 

strong  C2  emission.  At  lower  laser  energies,  C2H2LIF  scales  linearly. 


J-25 


FLUORESCENCE  INTENSITY 
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